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 Abstract  
A study on the role of polarity, Rho family GTPases, and cell fate in cytokinesis 
Yelena Zhuravlev 
Cytokinesis is the physical partition of one cell into two. In Chapter 1, I provide a brief 
introduction to cytokinesis and some of the proteins whose functions I parse out throughout my 
studies. In Chapter 2, I present work I’ve contributed to elucidate the role of polarity proteins in 
cytokinesis, as well as a look at the differential requirement for canonically essential cytokinetic 
proteins in the 4-cell embryo. In Chapter 3, I address a long-standing controversy in the field 
regarding the relationship between the Rac GAP protein Cyk-4 and the small GTPase Rac, and in 
particular the inhibitory role of Rac during cell division. My major body of work highlights the 
necessity not to close the books on the GAP activity of Cyk-4 and its inhibition of Rac. I show 
that Rac is unable to rescue cytokinesis failure in downstream Rho effectors whose loss weakens 
the contractile ring, suggesting it is not a promiscuous suppressor of cytokinesis. Additionally, I 
found that levels of non-muscle myosin-II and the actin binding domain of Utrophin were 
unchanged with loss of Cyk-4. From this, I infer that Cyk-4 is unlikely to be an activator of the 
RhoGEF Ect-2. These results emphasize the need to probe further into the cross-talk between 
these GTPases.  In chapter 4, I show inconclusive data addressing the role of cell fate signaling 
in protection against cytokinesis failure. Overall, this thesis represents my contributions to the 
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Introduction 
Basics principles of cytokinesis 
Definition and basic mechanism of cytokinesis in animal cells 
All multicellular organisms originate from the division of a single cell. Cytokinesis is 
the process by which one cell physically divides into two. To accomplish this, the mitotic 
apparatus must communicate with the cortex of the cell as the membrane ingresses. As the 
chromosomes undergo mitosis, the cell must go through cortical remodeling and cell shape 
changes to partition itself to ensure each daughter cell is distributed a full genomic 
complement. This is accomplished through the constriction of an actomyosin contractile ring, 
which is positioned by signals from the mitotic spindle (Balasubramanian et al., 2004; Barr 
and Gruneberg 2007; Green et al., 2012; Murthy, 2005; Stark et al., 2010). As the cell 
undergoes cytokinesis, the shape of the invaginating plasma membrane is generally referred to 
either as the cleavage furrow or the cytokinetic furrow. While different animal cells may vary 
in some cytokinetic processes, the specification of the division plane, the formation of the 
mitotic spindle, constriction of the contractile ring, and abscission of the intercellular bridge 
are all essential steps of normal cell division.  
 
Assembly and constriction of the metazoan actomyosin ring 
In animal cells, cytokinesis occurs via the constriction of an actomyosin ring 
(Balasubramanian et al., 2004; Barr and Gruneberg 2007; Green et al., 2012; Murthy, 2005; 
Stark et al., 2010). At the division plane, non-muscle myosin-II motors associate with f-actin 
filaments to drive contractile ring constriction (Mabuchi and Okuno, 1977; Guhas et al., 2005; 
Murthy and Wadsworth, 2005). How exactly myosin-II and f-actin filaments function together 
  2 
to accomplish this is still a matter of debate. Many studies suggest myosin-II slides along 
actin filaments, thereby constricting the ring (referred to as a purse-string mechanism), but 
structural organization of myosin-II and actin within the contractile ring has yet to clearly 
demonstrate this (Henson et al. 2017; Maupin and Pollard 1986; Sanger and Sanger, 1980; 
Schroeder 1972).  
Once the contractile ring is formed it remains a dynamic structure, the volume 
decreases as it ingresses and the ring is progressively disassembled, (Carvalho et al., 2009; 
Davies et al., 2015; Pelham and Chang, 2002; Schroeder, 1972). In mammalian cells, actin 
filaments are also dynamic and require constant turnover (Murthy, 2005). Cells treated with 
jasplakinolide, a drug that stabilizes actin, are unable to complete cytokinesis or recover 
fluorescence after photobleaching (Murthy, 2005). In addition, cells treated with a myosin-II 
inhibitor, blebbistatin, accumulate less GFP:actin at the division plane and cytokinesis is 
blocked, demonstrating that myosin-II also plays a role in actin turnover (Murthy, 2005; 
Straight et al., 2005). In contrast, FRAP experiments revealed myosin-II levels do not exhibit 
much turnover as recovery after bleaching was slow and the bleached region decreased with 
ring constriction (Carvalho et al., 2009). In animal cells, the contractile ring constricts in two 
phases, first at a constant rate for a majority of the constriction process, then, in the second 
phase the rate of constriction is progressively slowed (Carvalho et al., 2009; Mabuchi, 1994; 
Zumdieck et al., 2007). While actin and non-muscle myosin-II exhibit different turnover rates, 
both interact together to constrict the ring. 
 
The mitotic apparatus and cytokinesis 
  3 
The mitotic apparatus controls the assembly and constriction of the contractile ring at 
the division plane. It is composed of several organelles:  spindle microtubules, associated 
organelles, chromosomes, and centrosomes (chromatin).  Removal of the mitotic apparatus 
via aspiration completely blocked cytokinesis if it was done prior to anaphase but had no 
effect if performed later (Hiramoto, 1956; Rappaport, 1981) (Figure 1). This implies that the 
signal passed from the mitotic apparatus to the cortex to initiate furrow formation is time-
sensitive.  
The timing of contractile ring constriction is related to the distance from the mitotic 
apparatus to the cell cortex. Experimentalists trying to elucidate the connection between the 
mitotic spindle and cortex have classically looked at geometric relationships between the 
spindle and the cell surface. In the interest of investigating if the mitotic spindle was sufficient 
to induce furrowing, experimenters manipulated cells to increase the interaction of the mitotic 
spindle with the cortex and decrease the interaction of the surface with the poles. In these 
experiments, furrows still formed when the cortex was in contact with the spindle even as 
contact with the asters was reduced, suggesting the mitotic spindle was sufficient to induce 
furrowing (Kawamura, 1977; Rappaport and Rappaport, 1974; Ris, 1949).  
  4 
 
Figure 1: Prior to anaphase the cell cortex responds to signals from the mitotic 
apparatus  
 
The cell cortex is responsive to signals from the mitotic apparatus at certain stages of the cell 
cycle. Removal prior to anaphase results in no cytokinesis or furrowing while removal after 
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However, this does not take away from the contribution of other components of the 
mitotic apparatus, particularly the asters, in furrow formation. Researchers found that 
squishing cells to shorten the distance between the mitotic apparatus such that spindle poles 
were ~56% closer to the cell surface compared to controls, resulted in earlier onset of furrow 
formation by ~four min vs controls after anaphase onset (Shuster and Burgess, 2002).    
Signals from the mitotic spindle microtubules also regulate overall cortical stiffness. 
During mitosis, cells round up to prepare for cytokinesis. Initially, research showed that 
stiffness of the cortex changed with progression of cytokinesis, with stiffness increasing 10 
minutes before cleavage and decreasing thereafter (Hiramoto, 1970). While initially, these 
stiffness fluctuations were assumed to be a potential readout of the surface responding to 
spindle microtubules, with high stiffness representing the time at which the surface is most 
responsive, little connection between the two has been found. These cycles of stiffness and 
relaxation are microtubule-independent, persisting even after enough treatment with 
colchicine to depolymerize microtubules (Bell, 1962; Swann and Mitchison, 1953). PtK1 cells 
treated with nocodazole to depolymerize microtubules also displayed cortical contractility 
after anaphase onset, suggesting microtubules are not essential for changes to the cell shape or 
rigidity (Canman et al., 2000). Furthermore, Xenopus treated with taxol or vinblastine, to 
inhibit microtubule dynamics, did not disturb cytoskeletal changes that occur as the cells 
undergo convergent extension (a coordinated cell movement by which the cell elongates via 
intercalation) (Kwan and Kirschner, 2005).  
To study the effect of the mitotic spindle on the surface, sand dollar egg cells were 
bound such that the mitotic spindle was restricted to only half instead of the entire surface.  
This caused a differential internal pressure between the two sides and as a consequence a 
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change in cytoplasmic flow as the mitotic spindle moved from one part of the cell to the other. 
Upon removal of the mitotic spindle, but continued constriction of the cell, no flow was 
observed, suggesting the mitotic spindle was responsible for increased tension at the cell 
surface (Rappaport, 1988). These experiments indicate a signal passing from the mitotic 
spindle to the cortex.   
Mitotic spindle microtubules are essential to induce furrow formation and cytokinesis. 
When spindle microtubules are depolymerized during metaphase or early anaphase, 
cytokinesis is blocked and no furrow forms (Hamaguchi, 1975; Swann and Mitchison, 1953).  
However, microtubule depolymerization after anaphase onset did not block cytokinesis, 
suggesting the functional period required for microtubules, like the mitotic apparatus, is prior 
to anaphase (Hamaguchi, 1975; Swann and Mitchison, 1953). When the spindle in 
echinoderm eggs was repositioned with a glass needle, the contractile ring regressed from its 
former position and a new contractile ring formed at the new site of the spindle, suggesting 
the spindle had a function in specifying the division plane (Rappaport, 1985). The same was 
found to be true in grasshopper spermatocytes (Kawamura, 1960). In additional experiments, 
researchers found furrowing could occur along the entire cortex depending on the position of 
the mitotic spindle, suggesting the entire cortex is receptive to furrowing (Rappaport, 1975; 
Rappaport, 1985). Thus, mitotic spindle microtubules are responsible for positioning the 
division plane. 
Centrosomes, the main microtubule organizing centers in animal cells, have also been 
tested for their role in cell division (Oliferenko et al., 2009). In experiments where 
centrosomin null mutants, which are unable to assemble fully functional mitotic centrosomes, 
were still able to undergo the necessary divisions to develop into adulthood (Megraw TL, 
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2001). When centrosomes were laser ablated in mammalian cultured cells, it did not affect the 
assembly of spindles or the process of cell division (Khodjakov, 2000). Further, fruit flies are 
able to undergo most of their development without centrosomes, though spindle assembly is 
delayed (Basto et al., 2006). This suggests centrosomes are not essential for cytokinesis 
although they likely play a role in astral microtubule regulation.  
Centrosome separation is, however, important for cytokinesis. When sea urchin egg 
cells were flattened, furrow formation rarely occurred when the inter-centrosomal distance 
exceeded 35 µm (Rappaport, 1969). In another experiment where the centrosomes were 
moved far enough apart (137 µm in sand dollar eggs) that they no longer furrowed, but then 
were pushed closer together (until they are 50 µm apart), they were again able to form 
furrows.  In anucleate cells, centrosome pairs (and associated astral microtubules) were able 
to compensate for the loss of a spindle if they were far enough apart such that the distance 
between the centrosomes exceeded the distance from the surface (George von Dassow, 2009). 
If they were around the same distance apart, only shallow furrows were observed and no 
furrow developed at all if centrosomes were closer to each other than the distance to the 
surface (George von Dassow, 2009). Taken together, the separation of centrosomes seems to 
be important for normal cytokinesis, although monopolar cells are also able to divide, thus 
centrosome separation is not always required (see more below) (Canman et al., 2003).  
Chromosomes (and associated DNA) have been long proposed to be involved in 
controlling the temporal and spatial regulation of cytokinesis by coordinating the timing of 
anaphase onset and dictating the position of the division plane. Sand dollar eggs perforated 
such that in some cells the chromatin and asters were on the same side developed normal 
furrows, while cells that had only asters with no chromatin (anucleate) formed transient 
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furrows that never fully developed (Rappaport, 1991). However, success of mitosis (and 
segregation of duplicated chromosomes) is not always coupled with cytokinesis completion 
(Castagnetti et al., 2010; Wheatley et al., 1997). In a series of elegant experiments using 
grasshopper spermatocytes, chromosomes removed after the formation of a spindle did not 
interrupt progression of “anaphase” or cytokinesis. This lends support to the control of 
cytokinesis being intrinsic to the spindle and the cell (Zhang, 1996).  
 
Division plane specification/spindle signaling 
Stimulatory roles of the mitotic apparatus and responses of the cortex in preparation for 
furrowing 
Rappaport described the stability of the mitotic spindle as “in a sense illusory, because 
most of the microtubules that are the principle organizing elements of the spindle fibers and 
aster rays are dynamically unstable; they reversibly extend and retract” (Rappaport, 1971). 
Microtubules are highly dynamic structures, with ß-tubulin plus ends and alpha-tubulin minus 
ends, which cycle between growing (polymerization) and shrinking (depolymerization) 
phases (Desai et al., 1997). The switch from a growing microtubule to a rapidly shrinking one 
is termed catastrophe (Mitchison and Kirschner, 1984; Wollman et al., 2005). Microtubules 
also undergo rescue events, when they switch from a shrinking to growth phase. A mature 
pre-anaphase mitotic spindle is made up of 3 different sets of microtubules: interpolar 
microtubules, kinetochore microtubules, and astral microtubules (Canman et al., 2003; Foe 
and von Dassow, 2008; Mastronarde et al., 1993). Upon anaphase onset, the spindle 
undergoes modification with kinetochore fibers shortening, astral microtubules lengthening 
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and translocation of central spindle assembly proteins from the cytoplasm to the center of the 










Figure 2: Components of a Post-Anaphase Spindle 
Schematic of the post-anaphase spindle depicting chromosomes in blue, centrosomes in 
brown, astral microtubules, radiating out to the cortex, in orange, central spindle microtubules 
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Polar relaxation vs equatorial stimulation 
There are two long-standing hypotheses that have been proposed to explain how the 
mitotic spindle communicates with the cortex to position the division plane. The first of these 
models is known as astral/polar relaxation, which asserts that as tension of the cortex is 
increased globally, asters signal the poles to relax. This creates a heightened tension at the 
equator which then allows for contraction in that region (White and Borisy, 1983; Wolpert, 
1960).  Modeling has shown that an elevated concentration of microtubules at the poles could 
produce the highest surface tension at the equator in the region of the division plane (White 
and Borisy, 1983; Yoshigaki, 1999).  On the other hand, in the equatorial stimulation model, 
it is proposed that the astral centers signal to position the division plane (Devore et al., 1989; 
Rappaport, 1986). Experiments in support of this idea were performed by Rappaport who 
pressed a glass sphere into the center of sand dollar eggs to produce a donut-shaped cell. In 
the second division, he saw formation of a horseshoe-shaped cell between the spindles. As the 
cell contorted, asters moved in closer proximity to one another and an additional third furrow, 
which went onto completion, appeared between the two asters (Figure 3). The formation of 
this furrow occurred between the two asters in the absence of any chromosomes or a spindle, 
suggesting these are not necessary for furrow formation (Rappaport, 1961). Based on this, 
Rappaport stated that astral centers are able to trigger cortical contractility instead of just 
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Figure 3: Torus Experiment: Formation of a non-spindle furrow 
Schematic of the Torus experiment where a A) Sand dollar egg was manipulated by insertion 
of a B) glass bead, depicted as the white circle, to constrict the cell into a horseshoe shape. As 
the cell contorts with each division C) the asters move together until a furrow forms, though 
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Observations made by manipulating grasshopper spermatocytes has led to the proposal 
of another hypothesis for division plane specification, midzone microtubule stimulation. This 
hypothesis posits that the signals to position the cytokinetic apparatus emanate from the 
subset of microtubules that form the mitotic spindle. Tissue culture cells presented with a 
barrier to block potential signaling between the mitotic spindle and cortex result in no 
furrowing prior to anaphase, further supporting that a stimulus from the mitotic spindle is an 
elicitor of contractility (Cao and Wang, 1996). When grasshopper spermatocytes were 
manipulated such that some cells contained only asters, some a mitotic spindle with no asters 
and chromosomes, and some with only asters and a mitotic spindle, experimenters saw a 
furrow form wherever mitotic spindle microtubules were present. Based on this, the 
investigators concluded that microtubules at the mitotic spindle were sufficient to induce 
furrowing (Alsop and Zhang, 2003).  
Experimenters analyzing monopolar spindles in PtK1 cells somewhat bridged the 
above hypotheses, as results suggested that two populations of microtubules contribute to the 
position of the division plane and that spindle bipolarity is dispensable for cytokinesis 
(Canman et al., 2000). While there were many dynamic microtubules, a sub-population of 
stable microtubules that extended past the chromosomes prior to connecting to the cell cortex 
were found in both bipolar and monopolar spindles (Canman et al., 2003). Cytokinesis 
completed even in cells that had no microtubule overlap (Canman et al., 2003). This led the 
researchers to conclude that both equatorial stimulation and astral relaxation forces play a role 
in positioning the division plane. While a subset of microtubules are stabilized by 
chromosomes and are able to initiate furrowing, the more dynamic microtubules formed by 
asters away from chromosomes block furrowing at the polar areas of the cell (Figure 4).   
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Figure 4: Relationship between the spindle and cortex 
 
Schematics depicting A) polar relaxation model where asters relax tensions at the polar 
regions to heighten contractility at the equator B) equatorial stimulation model where astral 
centers lead to increased contractility C) polar relaxation and equatorial stimulation where 
two concurrent signals position the division plane. One, via a subset of sable microtubules 
that initiate furrowing and the other via dynamic microtubules formed by asters to inhibit 
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In C. elegans, a combination of equatorial (midzone) stimulation and polar (astral) 
relaxation have been postulated to contribute to cytokinesis.  Researchers used an ultraviolet 
laser to ablate the mitotic spindle and separated one of the asters, forcing the midzone closer 
to one centrosome than the other (Bringmann and Hyman, 2005). They found a cytokinetic 
furrow initiated between the asters but soon after, a second furrow initiated at the midzone 
(Bringmann and Hyman, 2005). Both furrows met to complete cytokinesis, further bolstering 
that the midzone and asters share redundant and consecutive functions in specifying the 
contractile ring (Bringmann and Hyman, 2005). However, importantly, it was not tested if 
ablation of the asters led to a failure to form the putative astral furrow. 
 
De novo central spindle microtubule assembly versus pre-existing microtubules 
For some time, it was unclear how the central spindle microtubules were formed--
whether they were generated de novo or established from pre-existing microtubules derived 
from the pre-anaphase mitotic spindle. In microtubule depolymerization and regrowth assays, 
investigators observed de novo microtubule nucleation in the region contributing to the central 
spindle, suggesting that despite emerging from the mitotic spindle, the central spindle is 
organized by distinct factors and is largely assembled de novo (Uehara and Goshima, 2010). 
In cells where microtubules were disassembled during prophase and prometaphase via 
microinjection of anti-Mad2 (to bypass the spindle checkpoint) and treated with nocodazole, 
cortical contractility was still observed. Anti-tubulin staining revealed a central spindle 
complex in those cells that underwent cell division. This suggests that central spindle 
microtubules can form independently of a pre-anaphase mitotic spindle and/or an astral array 
(Canman et al., 2000).  
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In C. elegans, the kinetochore has been shown to play an important role in promoting 
de novo microtubule assembly via CLS-2 (part of the CLASP family) between separating 
sister chromatids (Gilliane Maton, 2015). Embryos with reduced levels of CLS-2 resulted in a 
loss of GFP signals from proteins that localize to the central spindle. No hemi-spindle was 
present and the absence of a central spindle was apparent right after anaphase onset. In HeLa 
cells, a kinetochore model has not yet been tested and de novo microtubule nucleation is 
partially assembled by the Augmin complex (not currently found in yeast or worms) to 
assemble the central spindle (Uehara and Goshima, 2010). Hence, in some organisms 
kinetochores contribute to microtubule assembly.  
 
Localization of cytokinesis-essential proteins to the central spindle 
The central spindle is an anti-parallel bundled microtubule array which forms at the 
division plane between the separating chromosomes in anaphase. Centralspindlin is a 
tetrameric complex made up of the kinesin-6 MKLP1 and MgcRacGAP (ZEN-4 and CYK-4 
in worms) (Mishima, 2002; Pavicic-Kaltenbrunner et al., 2007). It localizes to the central 
spindle where it bundles antiparallel microtubules and recruits central spindle and abscission 
regulators (Davies et al., 2015; Green et al., 2012); White and Glotzer (2012). MKLP1 and 
CYK-4 are co-dependent for their localization (Jantsch-Plunger et al., 2000; Pavicic-
Kaltenbrunner et al., 2007) (Figure 5). 
The kinesin-6 mitotic kinesin-like protein 1 (MKLP1) has a motor domain at the N-
terminal, a long linker region, a parallel coiled-coil and a C-terminal globular tail domain; 
mammalian cells depleted of MKLP1 fail in cytokinesis (Zhu et al., 2005). Disruption of the 
Drosophila MKLP1 ortholog, Pavarotti and C. elegans ortholog ZEN-4 also result in 
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cytokinesis failure, further supporting its conserved role in cytokinesis (Adams et al., 1998; 
Powers et al., 1998; Raich et al., 1998). Pavarotti mutants are unable to initiate contractile 
ring assembly while zen-4 mutants have a mid-constriction defect, no central spindle 
formation, and mislocalization of actin and anillin (a scaffolding protein), and other 
contractile ring components in the zygote but never form a stable midbody and ultimately 
regress and fail to divide (Powers et al., 1998).  Thus, MKLP1/ZEN-4 is an essential protein 
for central spindle integrity and cytokinesis completion.  
The second component of centralspindlin is CYK-4. It was initially discovered in 
human cells as a GTPase activating protein (GAP) with high activity toward Rac (a GTPase 
of the Rho family discussed in more detail later) and so was named MgcRacGAP (Toure et 
al., 1998). Loss of CYK-4 results in an identical phenotype as loss of ZEN-4 (Jantsch-Plunger 
et al., 2000). It contains a short N-terminal domain, a coiled-coil C1 domain and a C-terminal 
GAP domain (Mishima et al., 2002). CYK-4 associates to a globular domain at the neck 
region of MKLP1 and causes a conformational change of two motor domains so they are 
more able to bundle antiparallel microtubules (Davies et al., 2015). The C1 domain of CYK-4 
is also important for proper cell division as it contributes to the membrane localization of 
centralspindlin (Lekomtsev et al., 2012). The function of the GAP domain of CYK-4 is 
somewhat controversial and is the subject of Chapter 3. Thus, CYK-4 is a well conserved 










Simplified schematic of a cell undergoing anaphase depicting distinct zones of Rho GTPases. 
Activated Rho localizes to the division plane. Rac is shown to be enriched at the polar 
domains (though this has only been experimentally observed in mammalian cells). CDC-42 is 
shown enriched in the anterior polar region. A zoom in of the central spindle reveals binding 
of centralspindlin, composed of ZEN-4 and CYK-4, which go on to bundle microtubules 








Figure 5: Key central spindle proteins 
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In addition to relying on the microtubule motor MKLP1/ZEN-4, integrity of the 
central spindle is also dependent on PRC1/SPD-1. PRC1, short for protein regulator of 
cytokinesis 1, is a mitotic-spindle-associated protein that forms homodimers to capture and 
bundle anti-parallel microtubules and is required to assemble the central spindle (Jiang et al., 
1998; Subramanian et al., 2010). When phosphorylated, it is kept in its monomeric, inactive 
state by Cdk1, a cell division cycle protein (Zhu et al., 2006). Upon entry into anaphase it is 
dephosphorylated and able to interact with Kif4, which is responsible for transporting PRC1 
to mitotic spindles (Kurasawa et al., 2004; Subramanian et al., 2010; Zhu C, 2005). 
Knockdown of KLP-19, which shares 41% identity with Kif-4 in C. elegans, did not result in 
cytokinesis failure, though it was important for correcting merotelic attachments (Powers et 
al., 2004). PRC1 was first shown to be important for cytokinesis when HeLa cells 
microinjected with a function-blocking antibody failed to divide, resulting in binucleation 
(Jiang et al., 1998). The absence of PRC1 results in no central spindle formation (Cristiana 
Mollinari, 2002; Kurasawa et al., 2004).  
In mammalian cells, PRC1 and CYK-4 have been shown to directly interact  as PRC1 
binds with CYK-4, implicating a role for PRC1 in bundling microtubules (Ban et al., 2004). 
Although PRC1’s function is essential for cytokinesis success in mammalian cells, disruption 
of the homolog, spindle defective 1 (spd-1) in C. elegans does not affect the 1st embryonic 
division and the cell completes cytokinesis. In worms, spd-1 relocalizes from the nucleus to 
the central spindle at anaphase (Verbrugghe and White, 2004). In a spd-1 temperature 
sensitive mutant, the spindle oscillated irregularly with the spindle poles moving 
independently and chromosomes appearing to “fly apart” as the spindle elongated (Baruni et 
al., 2008). The speed with which spindles elongate in spd-1 and zen-4 mutants suggests 
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cortical pulling forces are acting more aggressively on astral microtubules whereas normally 
the central spindle would resist the forces and slow segregation (Gilliane Maton, 2015). In 
spd-1 mutants where the mitotic spindle was separated from one of the asters using a UV 
laser, only the equatorial furrow was affected (Bringmann and Hyman, 2005). Even though 
the central spindle was disrupted, embryos were still able to undergo cytokinesis but showed 
chromosomal segregation defects (Verbrugghe and White). Furrow initiation was not 
disturbed in spd-1 mutants, and if anything occurred significantly earlier than in control 
embryos, suggesting spindle length/spindle elongation is not correlated with furrow initiation 
(Verbrugghe and White, 2007; Verbrugghe, 2007). Hence, although there is no central spindle 
in spd-1 mutants, its requirement for cytokinesis appears context-dependent (necessary in 
mammalian cells but not C. elegans embryos). 
 
Cytokinesis and the cell cycle- when does cytokinesis occur? 
Cytokinesis completion requires coordination of important signaling networks and key 
protein kinases involved in the cell cycle such as cyclin dependent kinases (Cdks), Polo-like 
kinases (Plks), and Aurora B to activate central spindle proteins  (Guse et al., 2005).  Cyclin-
dependent kinase 1 (Cdk1) and Cyclin B are inhibited as the cell exits from mitosis to enable 
progression into cytokinesis. CDK1 regulates MKLP1 by phosphorylating its motor domain 
and thereby inhibiting microtubule binding to the spindle at the wrong stage of the cell cycle 
(Mishima et al., 2002; Mishima et al., 2004; Nishimura and Yonemura, 2006).   Treatment of 
cells with a CDK-inhibitor, BMI-1026, results in cytokinesis initiation before chromosome 
separation (Fumihiko Niiya, 2005). Likewise, Drosophila cyclin B mutant cells undergo 
precocious cytokinetic furrowing at an earlier stage in mitosis compared to wild type cells 
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(Echard and O'Farrell, 2003). C. elegans have multiple B-type cyclins that have overlapping 
functions, and to produce a similar phenotype as CDK1 inhibition, a combination of cyb-1, 
cyk-3 (a B3-subfamily member), and cyb-2.1, cyb-2.2 knockdown is necessary (Monique van 
der Voet, 2009). An important feature of CDKs in eukaryotes involved in the cell cycle are 
Thr/Tyr residues that are sites for inhibitory phosphorylation. Although in C. elegans there is 
not much literature about phosphorylation of these sites.  It is clear there are many layers to 
the regulation of CDKs to control their functions through the cell cycle including destruction 
of cyclins and/or proteins associated with cyclins and activating dephosphorlyation cascades 
of the CDKs.  
While CDK1 is a negative regulator, Plk1 and Aurora B are promoters of cytokinesis. 
Plk1 is suggested to be an important regulator of Cyclin B and Cdk1 activity. It was first 
found in Drosophila, where loss of Plk1 resulted in abnormal mitosis with cells unable to 
form a bipolar spindle and caused cell-cycle arrest (Sunkel and Glover, 1988).  In mammalian 
cells, Plk1 overexpression causes multinucleation (Neef et al., 2003). In worms, partial 
knockdown of PLK-1 results in misaligned chromosomes at the metaphase plate and failure of 
nuclear envelope breakdown, however cytokinesis still occurs normally (Mohammad M. 
Rahman, 2015).  
 Aurora B is also a positive regulator of the cell cycle. Its phosphorylation of 
microtubule depolymerase mitotic centromere-associated kinesin (MCAK) relocalizes this 
kinesin (klp-17 in worms) to kinetochores to ensure appropriate kinetochore attachments to 
the spindle (Andrews et al., 2004; Lan et al., 2004). Even though Aurora B localizes to the 
central spindle during anaphase onset, upshifts of an Aurora B temperature sensitive mutant 
found it actually functions much earlier in the cell cycle, at around the time of nuclear 
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envelope breakdown and early prometaphase, to support the fidelity of cytokinesis (Davies et 
al., 2014).  In C. elegans, air-2 (Aurora B ortholog) is required for targeting of centralspindlin 
to the central spindle (Schumacher, 1998b). Aurora B is part of the chromosomal passenger 
complex (CPC) and Aurora B mutants are unable to complete cytokinesis, show chromosome 
missegregation, and polar body extrusion defects (Goto et al., 2003; Honda, 2003; Severson, 
2000; Terada, 2001).  In C. elegans AIR-2 mutants show partial contractile ring constriction 
and chromosome segregation errors (Davies et al., 2014).  Together, these kinases CDK1, 
PLK1, and Aurora B, act in concert to ensure the cell is primed to initiate cytokinesis at the 
right time.  
 
Rho family GTPases and cytokinesis 
Positive regulatory role for Rho during cytokinesis 
Rho GTPases play a myriad of roles including actin cytoskeletal organization, cell 
motility, cell polarity, axon guidance, vesicle trafficking and cell cycle maintenance. They 
function as molecular switches that cycle between on and off states via positive and negative 
regulators (Etienne-Manneville and Hall, 2002). A conformational switch occurs via Guanine 
nucleotide Exchange Factors (GEF) that activate GTPases by catalyzing the exchange of GDP 
to GTP, and GAPs that inactivate GTPases by inducing GTP hydrolysis (Bos et al., 2007). 
Additionally, there are Guanine nucleotide-Dissociation Inhibitors (GDIs), which block 
nucleotide exchange and prevent membrane association (Olofsson, 1999). Five Rho GTPases 
have been found in worms, of which three: RHO-1 (hereafter referred to as Rho), CED-
10/Rac, and CDC-42 are the best characterized.  
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During cell division, Rho is localized in a band at the cortical zone of the cell equator 
where it promotes downstream effectors to initiate constriction of the contractile ring (Kamijo 
et al., 2006; Nishimura et al., 1998; Takaishi et al., 1995; Yonemura et al., 2004; Yuce et al., 
2005). This localization is mediated by many regulators including Ect2, Rga3/4, and Plk1 
(Matthews, Delabre et al. 2012, Desai et al. 2013). Additionally, Rho functions upstream of f-
actin and myosin-II (discussed in more detail later) to recruit them to the contractile ring 
(Alberts, 2001; Matsumura, 2005; Piekny et al., 2005). Rho’s role in cytokinesis was 
discovered when dividing embryos injected with a dominant negative or constitutively active 
form of Rho or C3 (anti-Rho antibodies) transferase, failed at cytokinesis (Drechsel et al., 
1997; Kishi et al., 1993; Mabuchi and Okuno, 1977). Drosophila embryos show cytokinesis 
defects when expressing mutant Rho or are injected with C3. Likewise, depletion of Rho, 
RHO-1 in C. elegans, results in no cleavage furrow ingression and cytokinesis failure 
(Canman et al., 2008; Jantsch-Plunger et al., 2000). Hence, Rho is a master regulator of 
cytokinesis and contractile ring assembly. 
Since Rho is a GTPase it requires an activator and inhibitor to regulate its activity. 
Epithelial cell transforming sequence 2 (Ect2) is the positive regulator of Rho. Disruption of 
Ect2 shows similar phenotypes to Rho dominant-negative mutants. Using a Rho fret probe, 
investigators found lower Rho and myosin-II activity at the cortex prior to anaphase when 
Ect2 was silenced, further confirming a role for it upstream of Rho (Matthews et al., 2012). 
Knockdown of pebble, the Ect2 homolog in Drosophila, and a hypomorphic ect-2 mutant in 
epidermal cells in C. elegans blocks contractile ring assembly, and causes cytokinesis failure 
(Prokopenko et al., 1999). Ect2 is needed to activate Rho at the cell equator to promote 
contractile ring ingression. In mammalian and Drosophila cells, Ect2 is localized to the 
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central spindle via recruitment by MgcRacGAP (RacGAP50C in flies) (Nishimura and 
Yonemura, 2006; Su et al., 2011).  However, in C. elegans ECT-2 is cortically enriched (Chan 
and Nance, 2013). Rho activation is also mediated by other GEFs: Vav3, found in HeLa cells, 
where overexpression leads to similar cytokinesis defects as Rho overexpression assays 
(Fujikawa K, 2002). GEF-H1, also found in HeLa cells, mutants displayed blebbing, 
asymmetric furrowing and increased incidence of cytokinesis failure (Birkenfeld et al., 2007). 
The GAP RGA-3/-4 is necessary to restrict the zone of Rho activation leading to ectopic 
activation outside of the cell division plane (Schmutz et al., 2007; Zanin et al., 2013). 
Knockdown of RGA-3/-4 leads to excessive pseudo-cleavage (a cytokinesis-like furrowing 
event that does not lead to cell separation), hyper-contractility, membrane ruffling, and 
ectopic furrowing (Schmutz, Stevens et al. 2007, Zanin, Desai et al. 2013). 
 
Spindle microtubules control a zone of active Rho at the division plane 
Even though bundled microtubules at the mitotic spindle have been found to 
determine the position of the furrow, the molecular mechanisms were still largely a mystery. 
Experiments using a fluorescent reporter to probe for the small GTPase Rho finally exposed a 
mechanistic link between microtubules and the furrow (Bement et al., 2005). Investigators 
found that Rho localized to a narrow zone that corresponded with the division plane (Bement 
et al., 2005). It did so independently of actin as it still localized correctly in urchin embryos 
treated with cytochalasin D (used to block actin assembly), suggesting Rho functioned 
upstream of actin (Bement et al., 2005). However, microtubule disruption did negatively 
impact the formation of a Rho zone and furrow ( Bement et al., 2005). The key experiment 
tested the role of spindle displacement in the position of the Rho zone. When the spindle was 
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displaced using a blunt microneedle, the Rho zone and furrow were repositioned, relocating to 
the location of the misplaced spindle (Bement et al., 2005; Mabuchi I, 1993).  This 
demonstrates the mitotic spindle communicates with the cell cortex via Rho activation to 
position the division plane and constrict the contractile ring. 
 
Rho effectors: Diaphanous family formins  
Rho GTPase family members, and Rho in particular, are important in actin dynamics. 
Actin can be present in the form of G-actin, as a monomer, or as F-actin where it is part of a 
linear polymer of G-actin subunits (Schmidt and Hall, 1998). F-actin assembly is an 
unfavorable and slow event due to the instability and dissociation of actin dimers and trimers 
(Tobacman and Korn, 1983). Nucleating factors (e.g. the Arp2/3 complex, formin proteins, 
Spire, etc.) are required to initiate assembly of F-actin in vivo. Here I will focus on the 
nucleating factor diaphanous-family formin, which is required for contractile ring 
constriction.  
The actin cytoskeleton is comprised of both linear and branched filament networks 
that contribute to cell division via contractile ring constriction and cell migration via leading 
edge protrusion (Pollard et al., 2000; Pruyne et al., 2002). During cytokinesis in metazoan 
cells, diaphanous-family formins are essential for actin filament assembly (Watanabe et al., 
2008). Diaphanous formins were first identified in a Drosophila screen looking for 
spermatogenesis defects where dia was found to cause sterility and lethality due to cytokinesis 
defects (Castrillon DH, 1994). F-actin recruitment appears to be non-muscle myosin II 
independent as F-actin in COS-7 cells was able to accumulate at the equatorial furrow even in 
cells where non-muscle myosin II was knocked down (Xuefei Ma, 2012).  In NIH 3T3 cells, 
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anti-mDia-1 antibody injection leads to cytokinesis failure with little furrowing or contractile 
ring constriction (Tominaga et al., 2000). In C. elegans, there are 7 formin-encoding genes, 
with CYK-1 being the diaphanous-related formin required for cytokinesis (Davies et al., 
2014; Severson et al., 2002). In C. elegans, CYK-1 localizes to the leading edge of the 
contractile ring (Swan et al., 1998), and loss of CYK-1 activity results in cytokinesis failure 
and prevents contractile ring constriction (Davies et al., 2014; Gonczy et al., 2000; Swan et 
al., 1998). The requirement for diaphanous-family formin in cytokinesis is well conserved 
throughout eukaryotes.  
 Diaphanous-family formins contain active domains that promote actin assembly and 
regulatory domains that control this activity (Alberts, 2001; Watanabe et al., 1999). The C-
terminal active region is made up of formin homology 1 (FH1) and FH2 domains (Higgs and 
Peterson, 2005; Otomo et al., 2005; Pring et al., 2003). The FH1 domain contains a profilin-
actin binding site which recruits actin monomers (Paul and Pollard, 2009). The FH2 domain 
promotes dimerization and association with the barbed (plus) end of an actin filament and is 
the most conserved domain in formins across phylogeny (Otomo et al., 2005; Xu et al., 2004). 
Diaphanous-family formins also contain a C-terminal regulatory Diaphanous Autoregulatory 
Domain (DAD), which interacts with the FH3 (DID) domain at the N-terminus to inhibit actin 
assembly by the FH2 domain (Alberts, 2001). The auto-inhibitory interactions of the 
FH3(DID)-DAD domains can be released by the GTPase binding domain (GBD), that is 
activated by Rho family members such as Rho (Sagot et al., 2002; Watanabe et al., 1999) 
(Figure 6).  
 
 




Figure 6: Diaphanous-family formins are activated by Rho family GTPases 
Schematic of Diaphanous-family formins, with conserved domains, depicted in the inactive 
state where the DAD domain inhibits the GBD/DID domain and an active state where Rho 
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Rho effector: Non-Muscle Myosin-II 
Non-muscle myosin-II (hereafter myosin-II) is the major motor protein responsible for 
cytokinesis (Mabuchi and Okuno, 1977). It is a hexamer, made up of 2 myosin heavy chains 
(MHC), 2 essential light chains (Machacek et al.) and 2 regulatory light chains (RLC) (Tan et 
al., 1992). The light chains bind myosin-II at the alpha-helical neck region, and are the site of 
phosphorylations responsible for the activity or inactivity of the head domain. The C-terminal 
domain of myosin-II is made up of a coiled-coil rod that can dimerize and oligomerize with 
other myosin molecules, thereby forming short bipolar filaments, much like those found in the 
thick filaments of muscle tissue. Phosphorylated myosin-II is recruited to the furrow at early 
anaphase via Rho activation and inhibition of its ATPase activity (Sellers, 1991). CDK1 
inhibits myosin ATPase activity by phosphorylating at Ser1, 2, and 9 MLC sites (Bengur et 
al., 1987). Thus, myosin-II activity in cytokinesis is driven by several phosphorylation events.   
Myosin-II was first shown to be essential for cytokinesis in echinoderm blastomeres 
that were injected with anti-myosin antibodies. While the mitotic cycle was not affected in 
these blastomeres, cytokinesis was still blocked (Kiehart et al., 1982; Mabuchi and Okuno, 
1977). The importance of myosin-II in cytokinesis was further shown in Dictyostelium and S. 
cerevisiae (Bi et al., 1998; Zang et al., 1997). Disruption of spaghetti squash, a gene that 
encodes the RLC of non-muscle myosin-II, results in little membrane ingression (Karess et 
al., 1991). In C. elegans, mutants for MLC-4, the homolog for the RLC, also results in loss of 
membrane ingression (Shelton et al., 1999a). Myo1, the only myosin-II in budding yeast, 
MHC domain mutants result in abnormal cell division and cell wall organization at the bud 
neck of S. cerevisiae, displaying chain-like growth with attached daughter cells  (Bi et al., 
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1998; Fang et al., 2010; Lippincott and Li, 1998). Therefore, myosin-II is the major motor 
protein responsible for cytokinesis (Mabuchi and Okuno, 1977). 
While actin and myosin function together to constrict the ring, their localization to the 
division plane occurs independently. When actin filaments were disrupted in sea urchin 
embryos using latrunculin A, myosin-II clusters were still able to localize to the division plane 
(Henson et al., 2017). In S2 cells, myosin-II was found to accumulate at the furrow before F-
actin enrichment and was still expressed after Latrunculin A treatment was used to disrupt the 
actin filaments (Dean et al., 2005). Both in budding and fission yeast, myosin-II ring 
localization was unaffected by actin depolymerization after formation of the actomyosin ring 
(Bi et al., 1998; Naqvi et al., 1999). Myosin-II was also still able to localize to the ring even 
after insult to its actin binding motor domain (Beach and Egelhoff, 2009). Together this 
evidence supports the notion that myosin-II is recruited in an actin-independent manner 
(Henson et al., 2017).  
Myosin-II is able to mediate its contribution to contractile ring constriction via 
phosphorylation and dephosphorylation events. Four well-studied upstream myosin-II 
regulators in mammals involved in phosphorylation of MLC at Ser19 and Thr18 are Rho-
kinase inhibitors (Mahlert et al.), Citron kinase, Myosin light chain kinase (MLCK), and 
myosin phosphatase (MYPT). Mutations in MYPT vary in their degree of severity on 
cytokinesis depending on the organism. In worms mel-11, the MYPT ortholog, results in 
ectopic furrowing and faster cleavage furrow ingression kinetics with cells still able to 
complete cytokinesis (Piekny and Mains, 2002).. In Drosophila, there doesn’t seem to be any 
effect in cytokinesis (Piekny and Mains, 2002). The precise role of citron at cytokinesis seems 
to be inconsistent between species as it is not essential in worms, mice or rats, but is required 
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in several other systems such as Drosophila S2 cells, neuronal cells and developing 
spermatocytes (Bassi ZI, 2011; Cunto et al., 2002; Sonnichsen et al., 2005).   
There appears to be a lot of redundancy in the regulation of myosin-II. MLCK is not 
essential for cytokinesis in all cell types since mice with an MLCK knockout develop fine in-
utero and only die shortly after birth (Somlyo et al., 2004). In C. elegans, RNAi against 
calmodulin (a calcium binding messenger protein) and candidate MLCKs, also had no effect 
on cytokinesis in control or let-502, homolog of ROCK, mutant embryos (Ellen L. Batchelder, 
2007). Likewise, the inhibition of ROCK using Y27632 did not result in cytokinesis failure in 
HeLa cells but did show slower contraction kinetics (Kosako et al., 2000). In Drosophila, 
ROCK mutation phenotypes are limited to specific tissues in the wings and eyes but do not 
seem to affect the organism overall (Shandala et al., 2004). Mutations in let-502, resulted in 
little or no pseudocleavage and sometimes in cytokinesis failure (Piekny and Mains, 2002). 
While Rho is involved in recruiting non-muscle myosin-II to the contractile ring, the exact 
mechanism for how this occurs in C. elegans, is still unknown. 
 
Other actomyosin binding proteins and cytokinesis 
A number of additional actomyosin binding proteins such as profilin, cofilin, anillin, 
and septins also play functional roles in the contractile ring. Formin binds profilin, which 
increases the elongation rate of actin filaments by stimulating actin monomers into filaments 
via exchange of ADP bound actin to ATP Paul and Pollard (2008). C. elegans expresses 3 
isoforms of profiling: PFN-1, PFN-2, and PFN-3, all of which are involved in binding actin or 
manipulating actin dynamics (Polet et al., 2006). Cofilin (unc-60B in worms) is involved with 
actin disassembly by increasing the rate of dissociation of actin monomers at the minus end 
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via severing and depolymerization, which destabilizes the actin filaments and increases actin 
turnover (Gunsalus et al., 1995; Mabuchi, 2006; Yamashiro et al., 2005). While these proteins 
are important in mammalian cells, their function in C. elegans is not well defined.  
Other important actomyosin cross-linkers in the contractile ring are anillin and septin. 
The role of anillin in cytokinesis is context dependent. It is important for the structural 
integrity of the cleavage furrow in HeLa cells and its disruption results in 15-20% cytokinesis 
defects but is largely dispensable in C. elegans (Piekny and Glotzer, 2008; Straight et al., 
2005; Zhao and Fang, 2005a). It is a crosslinking protein that binds f-actin, myosin-II, Rho, 
Cyk-4, and septins (Buttery et al., 2012; Watanabe et al., 2010; Wernike et al., 2014).  In C. 
elegans, ani-1, the homolog for anillin, has been implicated in driving asymmetric ingression 
from one side of the division plane and also plays a role in polar body emission, driving one 
of the most asymmetric divisions in the cell (Dorn et al., 2010; Maddox et al., 2007). While 
anillin has many binding partners, with the except for septin, it is not essential for their 
recruitment to the contractile ring (Field et al., 2005; Maddox et al., 2005).  
Like anillins, the requirement for septins is context and organism-dependent. Though 
important for proliferation in Drosophila imaginal tissues and some human cell-types, they 
are largely not essential for cytokinesis, even though they concentrate at the site of cell 
division (Adam J. C., 2000; Echard et al., 2004; Fares et al., 1995; Haarer and Pringle, 1987; 
Kinoshita et al., 1997; Longtine et al., 1996; Maddox et al., 2005; Maddox et al., 2007; Manoj 
B. Menon, 2015; Neufeld and Rubin, 1994; T.Q. Nguyen, 2000). In C. elegans there are only 
two septins, UNC-59 and UNC-61, while there are many more in other organisms (14 in 
humans and 5 in flies) (Kinoshita, 2003; Pan et al., 2007). UNC-59 and UNC-61 localize to 
the leading edge of cleavage furrows but their depletion does not cause gross cytokinetic 
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defects (Maddox et al., 2007; T.Q. Nguyen, 2000). Overall, the functional contribution of 
septins in cytokinesis is still elusive.   
 
Other Rho Family GTPases and cytokinesis 
Rac negatively regulates cytokinesis 
Rac was initially found as a Ras-related C3 botulinum toxin substrate 1 (Didsbury et 
al., 1989). Since then, it has been implicated in regulating cytoskeletal organization, axonal 
guidance, cell proliferation, cell migration and transcription. It has also been proposed to 
negatively regulate constriction of the contractile ring by stimulating activation of the actin-
related protein 2/3 (Arp2/3) complex and formation of branched f-actin (Canman et al., 2008). 
The Arp2/3 complex forms at the leading edge of motile cells where its production of 
branched filaments generate enough force to push the leading edge forward (Pollard and 
Borisy, 2003). Rac regulates this activity via WAVE and WASP, which stimulate actin 
polymerization by the Arp2/3 complex (Pollard and Borisy, 2003; Steffen et al., 2004). It is 
possible the Arp2/3 complex nucleated branched-actin filaments are less conducive to 
myosin-II motor-driven constriction than the linear f-actin produced by diaphanous family 
formins.     
As a negative regulator, blocking Rac activity does not cause cytokinesis defects while 
overexpression of Rac in HeLa and Rat1A cells did cause cytokinesis failure and 
multinucleation (Dutartre et al., 1996). In HeLa cells, as cytokinesis progressed Rac activity 
was lower at the site of the division plane and increased at the polar regions of the plasma 
membrane. Cells expressing a dominant negative mutant of cyk-4 showed Rac levels 
remained high at the site of the cytokinetic furrow, supporting evidence for a direct interaction 
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between CYK-4 and Rac (Yoshizaki et al., 2004). While still contentious, there is additional 
evidence that Rac activity is inhibited by CYK-4 (discussed more in depth in Chapter 3). In 
cultured cells and in Drosophila mutants, double depletion of cyk-4 and Rac, or its effectors, 
largely suppressed the cytokinesis failure phenotype caused from loss of cyk-4 alone (Bastos 
et al., 2012; Canman et al., 2008; D'Avino et al., 2004; Loria et al., 2012; Zhuravlev et al., 
2017). It has also been proposed that inhibition of Rac leads to a reduction in adhesion at the 
division plane. Downregulation of Rac binding partners such as ARHGEF7, PAK1, and 
PAK2 reduced the mutinucleation phenotype in cells with constitutively active Rac (Zuo et 
al., 2014). A GAP-dead CYK-4 mutant showed more cell substrate adhesion and abnormal 
adhesion fibers further supporting a role for cyk-4 in blocking adhesion driven by Rac activity 
at the division plane (Bastos et al., 2012).   
 
CDC-42 and cytokinesis 
Like depletion of Rac, cytokinesis is not negatively affected in the absence of Cdc42 
but overexpression assays in Hela cells, using a constitutively active Cdc42, resulted in 
disoriented F-actin and giant multinucleated cells implicating this GTPase in cytokinesis 
(Dutartre et al., 1996; Zhu et al., 2011a).  Cdc42 was discovered as a cell cycle gene in S. 
cerevisiae, important for proper bud formation and orientation (Johnson and Pringle, 1990). 
Although loss of Cdc42 did not impact cytokinesis integrity in HeLa cells, they did display a 
less narrow zone of Rho at the division site and fewer F-actin filaments (Zhu et al., 2011b). In 
C. elegans loss or overexpression of CDC-42 on its own does not cause cytokinesis failure 
(Jordan et al., 2016). Hyper-activation of Cdc42 hindered cytokinesis in Xenopus embryos 
and rat kidney epithelial cells (Drechsel et al., 1997; Zhu et al., 2011). In C. elegans and other 
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organisms, Cdc42 is enriched asymmetrically, forming a polar cap in the anterior domain 
(Kumfer et al., 2010).  Cdc42 is required for polar body emission in Xenopus and mouse 
oocytes (Maddox et al., 2012; Na and Zernicka-Goetz, 2006).  Cdc42 localizes to both the 
mitotic and central spindle in stained mouse embryos so more direct roles for it in cytokinesis 
may yet to be discovered (Bielak-Zmijewska et al., 2008).  Perhaps related to its potential role 
in cytokinesis, Cdc42 is also important for cell polarity maintenance during asymmetric cell 
division (see more below).  
 
Asymmetric cell division 
Symmetric verses asymmetric cell divisions 
Cytokinesis can result either in a symmetric cell division, resulting in daughter cells 
that share the same cell fate and/or size, or in a polarized asymmetric cell division, resulting 
in daughter cells that differ in cell fate or size (Barr and Gruneberg, 2007; Williams and 
Fuchs, 2013). The C. elegans zygote or one-cell embryo, undergoes a polarized asymmetric 
division, and has been a seminal model system to study how cell polarity and daughter cell 
asymmetry are regulated.  In C. elegans, the first polarity cue is triggered by the entry of 
sperm that contribute their centrioles and determine the posterior end of the embryo 
(Goldstein and Hird, 1996). Asymmetric divisions are an important way for cells to generate 
diversity by altering distribution of cytoplasmic components and thereby cell fate. 
Because the position of the mitotic spindle determines the position of the contractile 
ring, it thereby establishes the size of the daughter cells, with a spindle positioned in the 
middle resulting in equal sized daughter cells and a displaced spindle resulting in asymmetric 
cells.  In one-cell C. elegans embryos increased posterior cortical microtubule pulling forces 
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leads to displacement of the spindle more towards the posterior, which leads to the production 
of a larger anterior daughter cell and a smaller posterior cell (Gonczy and Hyman, 1996; Grill 
et al., 2001).  This asymmetric spindle positioning is controlled by the cell polarity or PAR 
proteins (see below) 
 
PAR proteins in cell polarity establishment and maintenance 
Asymmetric division requires the PAR proteins (PARtionining defective), which 
localize to opposite sides of the cell to regulate unequal cytoplasmic and cortical inheritance 
of the daughter cells (Cabernard et al., 2010; Goldstein and Macara, 2007).  The core PARs 
consist of anterior pars (aPARs; PAR-3, PAR-6, PKC-3, myosin-II, and Cdc42) and posterior 
pars (pPARs; PAR-1, PAR-2 and LGL-1), so named for their respective localization within 
the embryo (Rose and Kemphues, 1998). Prior to fertilization, aPARs are distributed equally 
along the cell membrane, however they become restricted to the anterior upon sperm entry 
(Boyd, 1996; Guo and Kemphues, 1995; Hoege and Hyman, 2013).   Loss of the PAR 
proteins in C. elegans eliminates cell asymmetry, by reducing the pulling forces of the asters 
to no longer displace the spindle more to the posterior pole, and is a cause of differential cell 
fate specification between daughter cells, but does not lead to cytokinesis failure on its own.  
In C. elegans, polarization occurs after fertilization and takes place in two phases: 
establishment and maintenance. During polarity establishment, the sperm-derived 
centrosomes (and perhaps asters) trigger the accumulation of PAR-2 and movement of PAR-
6/PAR-3/PKC-3, myosin-II, and CDC-42 from the presumptive posterior domain to form an 
anterior cap (Hehnly and Doxsey, 2012; Munro and Bowerman, 2009). These opposing 
domains are guided by actomyosin-based cortical and cytoplasmic flows (Cheeks et al., 2004; 
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Hird and White, 1993; Munro et al., 2004), and are maintained by mutual inhibition at the 
anterior-posterior aPAR-pPAR boundary (Cuenca et al., 2003).  Mutations and chemical 
treatments that affect myosin-II and/or actin result in mislocalization of the PAR proteins, 
suggesting that cortical and cytoplasmic flows are dependent on actomyosin contractility and 
myosin-II (Guo and Kemphues, 1995; Guo and Kemphues, 1996; Munro et al., 2004; 
Severson and Bowerman, 2003; Shelton et al., 1999a). While the concentration of myosin-II 
becomes downregulated once the PAR domains are established, there is a notable increase in 
concentrations of myosin-II::gfp that form an anterior-cap. Disruption of myosin-II during 
establishment results in a completely anteriorized cortex with the posterior PARs excluded 
from the cortex (Cuenca et al., 2003). In addition, Rho and ECT-2 have also been implicated 
in polarity establishment. Depletion of Rho or ECT-2 show a reduced accumulation of 
GFP:PAR-6 at the cortex compared to wild-type embryos, and the signal  was never restricted 
to the anterior cortex (Motegi and Sugimoto 2006). This suggests that Rho and ECT-2 are 
required for the initial polarization of PAR-6 during polarity establishment.  
Polarity maintenance is when the aPAR-pPAR boundary is located at the division 
plane with the anterior and posterior domains distinguished by mutual inhibition of the PAR 
proteins, whereby aPARs are required for the localization and restriction of the pPARs and 
vice versa (Beach and Egelhoff, 2009; Cuenca et al., 2003; Motegi et al., 2011). Mutual 
inhibition is thought to be accomplished via changes in phosphorylation leading to inhibition 
of PAR-1 and PAR-2 by atypical protein kinase C (PKC-3), which may change their affinity 
for the membrane or cortex of the cell if they cross into the anterior boundary (Beatty et al., 
2010). After pseudocleavage, par-2(RNAi) embryos showed a redistribution of myosin-II 
fibers over the entire surface and PAR-6 relocalized to the posterior cortex as a result of 
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changes to the cortical flow (Munro et al., 2004). Therefore, PAR-2 is vital to inhibit myosin-
II from the posterior and maintenance of anterior-directed cortical flow to prevent 
redistribution of anterior PAR proteins. The anterior PARs, PAR-3, PAR-6 and PKC-3 are co-
dependent for cortical localization so the loss of even one of the aPARs eliminates pPARs 
exclusion from the anterior and the entire embryo becomes “posteriorized” (Cheeks et al., 
2004; Cuenca et al., 2003). While not required for anterior-posterior polarity establishment, 
Cdc42 has a conserved role in polarity maintenance. Disruption of Cdc42 blocks the 
localization of PAR proteins in C. elegans embryos; in particular, PAR-3, PAR-6, and PKC-3 
are no longer restricted to the anterior (Gotta et al., 2001; Motegi and Sugimoto, 2006) During 
polarity establishment, cdc-42(RNAi) embryos showed normal enrichment of GFP-moe (used 
to tag the filamentous actin-binding domain) at the anterior and PAR-6 but at polarity 
maintenance cdc-42(RNAi) embryos showed loss of GFP-moe and PAR-6 accumulation, 
suggesting CDC-42 is not essential during the establishment phase but is essential later 
(Motegi and Sugimoto, 2006) (Figure 7).  
PAR-5 is responsible for maintaining the opposing PAR boundaries, and unlike many 
other PAR proteins, PAR-5 is symmetrically localized in the early embryo (Morton et al., 
2002).  In the absence of PAR-5, both aPARs and pPARs become uniformly distributed on 
the cell cortex (Morton et al., 2002) (see also Chapter 2). PAR-5 is a member of the 14-3-3 
family of proteins. 14-3-3 proteins can self-assemble into homodimers and heterodimers 
(Aitken et al., 2002). As dimers, they can interact and regulate a host of proteins, where they 
go on to relay signaling cues to regulate protein trafficking, apoptosis, metabolism, 
cytokinesis, cell-cycle timing, etc. (Wilker et al., 2007). PAR-5 is also a known target of 
Aurora B during cytokinesis (Basant et al., 2015; Douglas et al., 2010).   






















Schematic of changes to the localization of polarity proteins during polarity establishment and 
maintenance. At polarity establishment, anterior polarity proteins are localized all along the 
cortex. As the cell undergoes pseudocleavage, the aPARs become restricted to the anterior 
cortex and pPARs to the posterior. At polarity maintenance, A-P domains are localized to 










Figure 7: PAR proteins in cell polarity establishment and maintenance. 
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Cytoplasmic asymmetry and the PARs 
Downstream of the core PARs are PAR-1 and PAR-4, which are involved in 
regulating cytoplasmic asymmetries such as the asymmetric distribution of organelles and 
difference in cell cycle timing. PAR-1 is a serine-threonine kinase that is enriched in the 
posterior cortex (Boyd et al., 1996; Guo and Kemphues, 1995). In vitro, it has been found to 
phosphorylate PAR-3 (Hoege, 2010). Loss of PAR-1 causes loss of posterior enrichment and 
uniform distribution of P granules (Kemphues et al., 1988).  
PAR-4, also a serine-threonine kinase, is distributed uniformly along the cortex and 
cytoplasm, so unlike the core PAR proteins, its distribution is not dependent on other PARs 
(Watts et al., 2000). While loss of PAR-4 also causes cells to lose their asynchronous cell 
cycle timing and spreads perinuclear RNA granules (P-granules) to all cells, there is little 
change in the spindle displacement and cell size asymmetry is maintained (Crittenden et al., 
1997; Jordan et al., 2016; Kirby et al., 1990). PAR-4 has also been implicated in regulating 
myosin and furrow positioning during cytokinesis (Benkemoun et al., 2014; Pacquelet et al., 
2015). In mammals, LKB1 (mammalian PAR-4) phosphorylates as many as 14 downstream 
kinases, including PAR-1, and is involved in many processes contributing to cell homeostasis 
(Alessi et al., 2006).  
Polarity proteins are also involved in cell-cycle regulation. To regulate cell cycle 
progression PAR proteins act through muscle in excess-5/6 (MEX-5/6), two cytoplasmic zinc-
finger RNA binding proteins that are distributed in a gradient in the cytoplasm following the 
A-P axis (Schubert et al., 2000). PAR-1 is largely responsible for the distribution of MEX-5 
through phosphorylation and dephosphorylation reactions (Daniels et al., 2010; Tenlen et al., 
2008). MEX-5/6 are also important in specifying germline asymmetry and through PAR 
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polarity proteins, such as PAR-4, maybe be responsible for the exclusive distribution of P-
granules to the P2 cell (Schubert et al., 2000). MEX5/6 go on to regulate division timing by 
binding to PLK-1 and increasing its concentration in the anterior cytoplasm at the one-cell 
stage (Nishi et al., 2008). Consequently, the anterior AB cell has higher levels of PLK-1 than 
the posterior P1 cell and goes onto divide approximately two minutes earlier (Budirahardja 
and Gonczy, 2008, Brauchle, Baumer et al. 2003). As the embryo develops, the asynchronous 
cell cycle timing is maintained unless polarity proteins are disturbed (Bao, Zhao et al. 2008). 
In summary, polarity proteins are important in regulating many asymmetrical properties of the 
cell including inheritance of cytoplasmic components, cell cycle timing, and cell fate.  
 
Cell fate specification and cytokinesis 
Cell specific cytokinesis failure 
The consequences from cytokinesis failure is not equal across all cell-types. While 
often it may lead to deleterious repercussions, there are also many cases where cytokinesis 
failure is programmed to occur. In the literature, there are already many studies that show 
specific cell-type dysregulation of cytokinesis (Iolascon et al., 2013; Moulding et al., 2007; 
Vinciguerra et al., 2010).  One possibility in why some cells are fated to fail while others are 
not is that differences in cell “identity” may affect how the cytokinetic machinery drives cell 
division.  Variation in regulatory mechanisms of cytokinesis could be due to factors that are 
intrinsic or extrinsic to the cell. Intrinsic factors such as cell polarity and RNA granule 
inheritance have been shown to contribute to robustness of cytokinesis (Cabernard et al., 
2010; Jordan et al., 2016). Extrinsic factors such as cell-cell interactions and cell fate 
  41 
signaling molecules have also been implicated in cytokinesis (Fumoto et al., 2012; Herszterg, 
2013). 
 
Notch/Delta signaling and cytokinesis 
The Notch/GLP-1 signaling pathway is implicated in many aspects of maintaining 
homeostasis and cell differentiation (Artavanis-Tsakonas et al., 1999). Notch and most of its 
ligands are transmembrane proteins that are comprised of many EGF repeats and must be 
adjacent to the ligand expressing cell to perform its function (Shaya et al., 2017). Synthesized 
as an inactive precursor, the Notch protein undergoes three different cleavage events in order 
to become active. The final cleavage event is by γ-secretase, which releases the Notch 
intracellular domain. It is then translocated into the nucleus to repress or activate gene 
expression.  
Notch is an important gene of interest for its role in oncogenesis and ironically also as 
a potential tumor suppressor (Rangarajan et al., 2001). Aurora B is necessary for accurate 
mitosis and may have great potential as a therapeutic agent for cancer though in human cancer 
cell lines the cells are resistant to Aurora B inhibitors. This resistance is more prevalent in 
cells with mutations in the Notch1 receptor, which also show an increased chromosome 
number, potentially implicating  a role for Notch in cytokinesis (Moy et al., 2011). -secretase 
is a protease necessary for activating Notch. In studies where Notch1 activity was 
downregulated in combination with GSIs (-secretase inhibitors) the cell lines became more 
resistant to chemotherapy in the study of T-cell lymphoblastic leukemia (T-ALL) cancer cell 
lines, while in other studies the combination of treatment has shown to induce cell growth 
arrest and cell apoptosis. In other studies, the number of multipolar spindles were amplified 
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when both -secretase and microtubule dynamics were perturbed (Singh et al., 2014). In 
Drosophila sensory organ precursors, Notch localizes to the division plane (Coumailleau et 
al., 2009). Further, in cortical neurons, treatment with Delta, the Notch ligand, is able to 
induce bundled microtubules (Ferrari-Toninelli et al., 2008). Thus, it is possible that in 
addition to its many functions, Notch may also be directly involved in cytokinesis.  
Wnt signaling and cytokinesis 
Like Notch, Wnt/MOM-2 signaling is important for a plethora of cell functions such 
as cell proliferation, migration, axonal growth, differentiation and polarity. C. elegans employ 
both canonical and non-canonical pathways of Wnt signaling. In the canonical pathway, Wnt 
binding results in the translocation of BAR-1, a ß-catenin, to the nucleus. In the non-canonical 
pathway, worms use wrm-1 as the ß-catenin instead of bar-1. Without the Wnt signal, ß-
catenin is targeted for ubiquitination and degradation (MacDonald et al., 2009). C. elegans 
have 5 Wnt ligands and 4 Wnt receptors (I will expand on two of these, mom-2 and mom-5, in 
Chapter 4)  (Korswagen, 2002). These signaling proteins are important at the 4-cell stage 
embryo. In the non-canonical pathway, signaling from mom-2 (ortholog of Wnt) at the P2 
interface to its receptor mom-5 (ortholog of Frizzled), at the EMS cortex, is required for 
endoderm formation (Goldstein, 1992). Wnt protein function relies on lipid modification 
(Willert et al., 2003) and cell positioning since it acts as a short-range signal often dependent 
on neighboring cell contact for its function  (Sato et al., 2011; Strand and Micchelli, 2011).  
There is some evidence for a link between cytokinesis and Wnt signaling. Cytokinesis 
proteins Tumbleweed (Drosophila homolog of CYK-4) and Pavarotti (homolog of MKLP1) 
have been found to negatively regulate Wnt activity by inhibiting armadillo (ß-catenin in 
flies) from activating gene expression at the nuclei of cells at interphase instead of their 
  43 
traditional expression at the division plane (Jones WM, 2010). In addition, Wnt family 
members have been found to regulate levels of cytokinesis genes that are involved in human 
cancer cells (Pandi et al., 2014). In Drosophila, Wnt5a localized to the midbody and 
inhibition of Wnt5a caused cytokinesis failure (Fumoto et al., 2012). In mammalian neuronal 
cells, Wnt induced axon remodeling invoked changes that are correlated with increased 
microtubule stability (Salinas, 2007). It may be worthwhile to investigate if Wnt also has a 
protective role in cytokinesis.  
 
Abscission 
Once the contractile ring nears full constriction, the central spindle matures to form 
the midbody, which serves as a platform for the assembly of abscission proteins (Agromayor 
and Martin-Serrano, 2013; Fededa and Gerlich, 2012). The midbody, also known as the 
intracellular bridge, is made up of a condensed antiparallel microtubule array, retaining many 
contractile ring and central spindle components such as SPD-1, centralspindlin, and the CPC 
(Glotzer, 2005; Green et al., 2012). While PRC-1 and the CPC associate with the midbody, 
centralspindlin translocates from the midbody core to another midbody component, the 
midbody ring (which encircles the core) (Hu, et al. 2012, Elia, et al. 2011). The midbody ring 
also retains many of the same components involved with contractile ring constriction such as 
actin, myosin-II, and even septin and anillin (Madaule, et al. 1998; El Amine, et al. 2013; Hu, 
et al.  2012). To clear what is left of the intercellular bridge/midbody remnant, the cell 
regulates vesical trafficking and recruits the ESCRT complex to engulf the remainder of the 
cytokinetic machinery (Bastos and Barr, 2010; Carlton, 2007; Fabbro et al., 2005; Guizetti et 
al., 2011; Lee et al., 2008; Morita et al., 2007; Schiel et al., 2013; Zhao et al., 2006). 
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Depletion of TSG-101 (an ESCRT-I subunit) in C. elegans blocked recruitment of the 
endosome sorting complexes required for transport (ESCRT-III) and disrupted membrane 
internalization and engulfment of the midbody remnant (Konig et al., 2017).  In contrast, loss 
of ESCRT-III assembly in Drosophila cells did not impact midbody membrane engulfment 
(El Amine et al., 2013). Actin is also recognized to play a role in abscission as permeabilized 
C. elegans embryos treated with latrunculin A were unable to normally engulf the midbody 
remnant (Konig et al., 2017). Remarkably, C. elegans embryos depleted of SPD-1 (to disrupt 
microtubule bundling), still showed midbody ring release, suggesting midbody microtubules 
are dispensable for abscission (Green, et al. 2013). In Drosophila S2 cells, the anillin C 
terminus links septin and the midbody ring to the plasma membrane while the N terminus 
shows anillin binding activity toward actin and myosin-II (Kechad A, 2012; Lekomtsev, 
2012).  In C. elegans, inhibition of septin resulted in abnormal midbody/midbody ring release 
even though ESCRT machinery was still recruited.   In either case, abscission is an extremely 
robust process that likely has many compensatory mechanisms as even in the absence of the 
ESCRT complex, the cell still completes separation, though the process may be delayed 
(Green et al., 2013; Konig et al., 2017). Study of abscission is revealing ever more complexity 
and is an interesting area for future research. 
 
 
Non-canonical mechanisms of cytokinesis 
Traction mediated cytofission 
In addition to canonical cytokinesis driven by constriction of an actomyosin ring, 
some cells have adapted to use different methods to get around the same problem of 
physically partitioning a cell into two. Dictyostelium with an MHC gene deletion still round 
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up during mitosis and even complete nuclear division but fail at cytokinesis in suspension 
cultures, resulting in large multinucleate cells (Knecht and Loomis, 1987). However, when 
grown on an adhesive surface, myosin-II loss does not block division in Dictyostelium (Zang 
et al., 1997). This suggests cells able to brace themselves against a surface to generate tension 
are able to compensate for the loss of myosin-II. This method of division is known as traction-
mediated cytofission (De Lozanne and Spudich, 1987). In epithelial human cell lines that 
were chemically treated to cause cytokinesis failure, binucleate cells undergoing cytofission 
show reduced PLK1 and MKLP1 levels and were even able to complete division after 
treatment with nocodazole. Investigators found that even cells that fail to divide initially but 
are able to properly segregate chromosomes may undergo interphase cytofission as a means of 
preserving genomic integrity (Choudhary et al., 2013). Interestingly, in human cells, 
cytofission was dependent on myosin-II and actin polymerization (Choudhary, Lera et al. 
2013). It is possible that in human cells, myosin-II functions more to provide adhesive stress 
than in Dictyosteium cells where reducing myosin-II may increase cell motility (Choudhary et 
al., 2013). This type of cell division may have broad implications for protecting cells from 
failed cytokinesis and preventing aneuploidy.  
Plant cytokinesis 
Unlike in animal cells, plant cells are enclosed by a firm cell wall. These cell walls do 
not allow for the constriction of a contractile ring due to their rigidity so plants use a different 
mechanism to divide cells. Instead of a contractile ring, membrane-enclosed vesicles from the 
Golgi move to the center of the cell where the cell plate grows outward from the division 
plane until it fuses with the plasma membrane (Jurgens, 2005). The division site is determined 
by the preprophase band. Like the mitotic apparatus in animal cells, the cell plate consists of 
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stable microtubule bundles and dynamic microtubules (Murata et al., 2013). These 
microtubules are arranged in a parallel fashion, oriented to the equator (Euteneuer and 
McIntosh, 1980). Similar to plant cells, in budding yeast the division plane is marked by a 
bud-site on the cell cortex (Chant, 1996) and some S. cerevisiae strains are able to divide by 
compensating with unique cell wall deposition in the absence of myosin-II (Bi et al., 1998; 
Tolliday et al., 2003). The adage, “where there is a will, there is a way” cannot be truer for the 
various ways cells complete cytokinesis. 
 
Cytokinesis failure and human disease 
Cytokinesis failure is causative to human pathologies 
When cytokinesis fails, it gives rise to abnormal centrosome and chromosome number, 
and is thought to be responsible for many human diseases. For example, only mice injected 
subcutaneously with tetraploid cells developed aneuploid malignancies compared to mice 
injected with diploid cells (Cunto, Imarisio et al. 2002).  X-linked neutropenia is a genetically 
encoded blood disorder characterized by low numbers of neutrophils as a result of failed 
cytokinesis (Moulding, Blundell et al. 2007). Cytokinesis failure also has implications for 
fertility/sterility as Drosophila males homozygous for dia1/formin mutations exhibit sterility 
due to cell division failures in the germline. Females trans-heterozygous for the same 
mutation display cytokinesis failure in the follicle cell which causes sterility and deposition of 
eggs with defective eggshells (Castrillon and Wasserman, 1994). In summary, cytokinesis 
failure has broad impact on human health, as it may contribute to developmental defects, 
blood disorders, infertility/sterility and cancer (Castrillon and Wasserman, 1994; Cunto et al., 
2002; Fujiwara et al., 2005; Liljeholm et al., 2013; Moulding et al., 2007).  
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Cytokinesis failure in normal tissues 
Surprisingly, cytokinesis failure does not always lead to a disease state and in certain 
tissues occurs during normal development and homeostasis. For example, in humans the adult 
liver is made up of ~30-40% polyploid cells, which is when a cell contains more than two 
genomic copies of DNA (Kudryavtsev et al., 1993; Toyoda et al., 2005). Hepatocytes (liver 
cells) that become polyploid are able to initiate contractile ring ingression but many ultimately 
regress to form 4N and even 8N cells  (Margall-Ducos et al., 2007). In rats, this cytokinesis 
failure in liver cells is observed once they transition from suckling to weaning (Guidotti et al., 
2003). Rats whose insulin/AKT signaling is either disrupted and mice with a homozygous 
insulin mutation, show a reduction in the formation of binucleated tetraploid cells (Celton-
Morizur et al., 2009). The converse experiment, where rats were injected with insulin or a 
control vehicle, also displayed increased tetraploid hepatocytes compared to control rats. The 
insulin effect on cytokinesis failure is independent of glucose signaling since rats fed different 
diet-types that modified glucose levels did not show a change in the formation of binucleated 
tetraploid hepatocytes. This suggests that in liver cells, insulin plays a role in formation of 
tetraploid cells (Celton-Morizur et al., 2009).  Interestingly, it was recently shown that 
cytokinesis failure in hepatocytes is protective against tumor formation in a mouse model 
(Wang et al., 2017). 
In other cell types, the mechanism of polyploidization is less clear, but is sometimes 
due to cytokinesis failure.  There is some evidence that polyploidization can be induced by 
cell stress and injury, particularly in cardiomyocytes, which undergo polyploidization as a 
result of both endoreplication, where mitosis is inhibited, and multinucleation, when 
cytokinesis fails (Hixon et al., 2000). For many other tissues that display polyploidy such as 
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the mammary gland, urothelium, mesothelium, uterine muscles, and Purkinje neurons, the 
exact mechanism (cytokinesis failure, cell fusion, or endoreplication, etc) that causes ploidy is 
yet to be determined (Biesterfeld et al., 1994). Interestingly, if the urothelium in rats is 
exposed to toxins, the superficial layer and its polyploid cells are shed and is replaced 
completely by diploid cells until a considerable passage of time when polyploid cells and the 
superficial membrane are restored (R. Marian Hicks, 1976). It would be interesting to learn if 
cytokinesis failure is also the cause of polyploidy in these systems, as it is not fully 
understood why some cells are fated to fail while others are not when the same cytokinetic 
machinery drives cell division in all, and how cells/tissues have adapted to use errors in 
cytokinesis to their advantage.   
 
Conclusions 
Although we do not have a complete understanding of animal cell cytokinesis across 
organisms and individual cell types, slowly the cytokinesis puzzle is being assembled. We 
know signals from the metazoan mitotic spindle communicate with the cortex to drive 
contractile ring constriction. More and more the temporal and spatial regulation of essential 
cytokinetic proteins are being characterized. Although the puzzle is still incomplete, my thesis 
work addresses the general areas of Rho GTPases and CYK-4, the role of cell polarity during 
cytokinesis, and why different cell types may be more or less robust at completing cell 
division. 
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Chapter 2. Cortical PAR proteins protect against cytokinesis failure during asymmetric 
cell division 
Part of this chapter has been published in: 
Jordan, S.N., Davies, T., Zhuravlev, Y., Dumont, J., Shirasu-Hiza, M., and Canman, J.C. 
(2016). Cortical PAR polarity proteins promote robust cytokinesis during asymmetric cell 




My contributions to Chapter 2  
 
I conducted the imaging and analysis of cytokinesis in dividing control, formin(ts), 
and myosin(ts) one-cell embryos with and without PAR-4 and PAR-5 RNAi (Figure 10, 
Figure 13) and the imaging and analysis of cytokinesis across a thermal range in dividing 
control, formin(ts), and myosin(ts) mutant two-cell embryos with and without RNAi-mediated 
PAR depletion (Figure 14). Work not published but related to this project begins on page 69, 
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My contributions (published manuscript): 
I performed the imaging and analysis for par-4 experiments (Figure 10B, C; Figure S 
2C, D, & F). My role in this work was to investigate if the downstream PAR protein PAR-4 
contributes to contractile ring constriction in this way. Although PAR-4 has previously been 
implicated as a regulator of myosin-II during cytokinesis in this system, I found that PAR-4 
knockdown alone or in combination with formin(ts) or myosin-II(ts) did not affect cytokinesis, 
further supporting the positive role for core cortical PAR proteins in cytokinesis (Chartier et 
al., 2011). 
Unpublished results reported here include my investigations on the role of PAR-5 
(Figure 13) in the zygote, and the role of PAR-6 and PAR-2 in later cell divisions with and 
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Abstract 
Cytokinesis, the physical division of one cell into two, is thought to be fundamentally 
similar in most animal cell divisions, driven by constriction of a contractile ring positioned 
and controlled solely by the mitotic spindle. During asymmetric cell divisions, the core 
polarity machinery (PARtitioning defective or PARs) controls the unequal inheritance of key 
cell fate determinants.  Here we show that in asymmetrically dividing C. elegans embryos, the 
cortical PARs (including the small GTPase CDC-42) have an active role in regulating 
recruitment of a critical component of the contractile ring, filamentous actin (f-actin).  We 
found that the cortical PARs are required for retention of anillin and septin in the anterior 
pole, cytokinesis proteins that our genetic data suggest act as inhibitors of f-actin at the 
contractile ring.  Together, our results suggest that the cortical PAR proteins coordinate the 
establishment of cell polarity with the physical process of cytokinesis during asymmetric cell 
division to ensure the fidelity of daughter cell formation. 
Introduction 
Cytokinesis, the physical division of one cell into two, occurs trillions of times from 
fertilization to death, and division failures can have significant consequences including 
miscarriage, neurological dysfunction, immunological defects, and cancer (Lacroix and 
Maddox, 2012; Tormos et al., 2015).  Cytokinesis is driven by constriction of a contractile 
ring, composed of formin-nucleated filamentous actin (f-actin) and the motor myosin-II, 
which is primarily positioned and controlled by the mitotic spindle (Green et al., 2012).  
Divisions in which the daughter cells ‘inherit’ equal cytoplasmic and cortical components, 
and thus the same cell fate and size, are referred to as symmetric.  In contrast, many cell 
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divisions during embryogenesis and in adult stem cells are asymmetric, resulting in daughter 
cells with different cell fate and/or cell size (Williams and Fuchs, 2013).  In metazoans, 
asymmetric cell division requires G protein-coupled receptors (GPCRs) and the PAR proteins 
(PARtitioning defective). The PARs are a conserved set of proteins that segregate to opposing 
poles of the cell during asymmetric cell division and control the unequal inheritance of 
cytoplasmic and cortical factors (Macara, 2004; Motegi and Seydoux, 2013; Suzuki and 
Ohno, 2006).   
The C. elegans single-cell zygote has been a seminal system for understanding the 
molecular regulation of anterior-posterior (A-P) cell polarity and the PAR proteins 
(Kemphues et al., 1988).  In this system, opposing anterior (aPAR) and posterior (pPAR) 
cortical PAR domains are formed via two genetically and temporally distinct phases: polarity 
establishment and polarity maintenance (Cuenca et al., 2003).  During polarity establishment, 
the core cortical aPARs (including the scaffolding proteins PAR-3 and PAR-6, the atypical 
protein kinase PKC-3, the small GTPase CDC-42) and core pPAR PAR-2 (RING finger and 
NTPase containing protein) are targeted to opposite sides of the cell via anteriorly directed 
actomyosin-based cortical flows (Cheeks et al., 2004; Hird and White, 1993; Munro et al., 
2004).  During polarity maintenance, the aPARs and pPARs remain on opposing sides of the 
cell cortex forming a distinct A-P boundary near the cell equator via mutual inhibition (for 
extensive reviews of PARs: (Hoege and Hyman, 2013; Motegi and Seydoux, 2013; Rose and 
Gonczy, 2014)). 
A role for the cortical PARs in cytokinesis was previously thought to be indirect, by 
controlling spindle length and position (Dechant and Glotzer, 2003).  However, emerging 
evidence suggests that cell polarity has a more active role in cytokinesis, though the 
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underlying molecular mechanism(s) remain elusive.  Perturbations in asymmetrically dividing 
Drosophila neuroblasts revealed that spindle-independent contractile rings can form in 
association with a GPCR-promoted polarized cap of myosin-II (Cabernard et al., 2010).  In C. 
elegans, depletion of PAR-2 enhances contractile ring constriction defects caused by 
compromised spindle signaling (Dechant and Glotzer, 2003; Verbrugghe and White, 2007).  
Moreover, both the aPAR and pPAR proteins “track” with the contractile ring during 
cytokinesis (Pittman and Skop, 2012; Schenk et al., 2010). 
Here we show that in the asymmetrically dividing C. elegans zygote, cortical A-P 
polarity protects the cell against cytokinesis failure in the presence of a weakened actomyosin 
contractile ring.  We demonstrate that both the core cortical aPAR (including CDC-42) and 
pPAR proteins are required for proper f-actin levels at the contractile ring and restrict the 
localization of two actomyosin binding and crosslinking proteins anillinANI-1 and septinUNC-59.  
We found that anillin and septin have unexpected inhibitory roles in f-actin accumulation at 
the contractile ring.  Thus we present a model in which cortical PAR proteins protect 
cytokinesis during asymmetric cell division independent of mitotic spindle length by 
promoting the anterior retention of anillin and septin away from the contractile ring, thus 
allowing for robust f-actin accumulation and ring constriction. 
Results and Discussion 
A synergistic interaction between formin and myosin-II mutants during polarity establishment 
leads to cytokinesis failure  
The f-actin nucleator diaphanous-like forminCYK-1 (hereafter formin) and the motor 
myosin-IINMY-2 (hereafter myosin-II) are known to be critical for cytokinesis (Figure S 1A) 
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(Severson et al., 2002; Shelton et al., 1999b; Swan et al., 1998).  Using fast-acting 
temperature-sensitive (ts) mutants with point mutations in the formin dimerization (FH2) 
domain, required for actin polymerization, and in the myosin-II neck (S2) domain required for 
dimerization and head coupling (Davies et al., 2014; Liu et al., 2010), we found that formin 
and myosin-II are synergistic.  At semi-permissive temperatures, where the proteins are 
perturbed but functional enough to allow cytokinesis (Figure S 1A), 100% of myosin-II(ts) 
and formin(ts) single mutant embryos divided successfully, while ~40% of myosin-II(ts); 
formin(ts) double mutant embryos failed to divide, suggesting a synthetic cytokinesis defect 
(14/35 embryos; Figure 8A; Figure S 1B). 
 To identify the time of requirement for this synthetic interaction, we used a fluidic 
device (Davies et al., 2014) to rapidly upshift (<20 sec) myosin-II(ts); formin(ts) double 
mutant embryos to this semi-permissive temperature at precise time-points during cell 
division. Unexpectedly, we found that this synthetic interaction and cytokinesis failure occurs 
only when myosin-II and formin are both disrupted well before cytokinesis, during 
establishment and maintenance of A-P polarity (Figure 8A).  Upshift during polarity 
establishment caused cytokinesis failure in all myosin-II(ts);formin(ts) double mutants (7/7). 
Upshift during polarity maintenance caused an intermediate failure rate (7/22), with all 
failures seen in earlier upshifts.  Upshift after the polarity maintenance phase did not cause 
cytokinesis failure in any double mutants (0/6). Thus, the synthetic effect is strictly limited to 
the time period correlated with polarity establishment and maintenance and not during 
cytokinesis directly. 
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Figure 8: Polarity establishment supports robust cytokinesis 
A) Experimental protocol and rapid temperature upshift results.  Each symbol (star or circle) 
represents a single embryo plotted at the time of upshift.  B) Schematic of cortical PAR 
protein localization during asymmetric cell division.  C) The metaphase plate in myosin-
II(ts);formin(ts) embryos that complete cytokinesis (n=21) is positioned more asymmetrically 
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Polarity establishment is dependent on myosin-II, but independent of formin activity 
(Figure S 1C) (Cuenca et al., 2003; Liu et al., 2010; Munro et al., 2004; Velarde et al., 2007). 
Thus we hypothesized that synthetic cytokinesis failure is due to myosin-II function as a 
polarity protein, synergizing with an independent formin function. Consistent with this 
hypothesis, we found that the myosin-II(ts);formin(ts) double mutant embryos that failed in 
cytokinesis were also less polarized, with more centrally located metaphase plates relative to 
those that succeeded in cytokinesis (Figure 8C).  It is unlikely that this early interaction 
represents a delay in functional inhibition, as both ts mutants are very fast-acting and show a 
full loss-of-function phenotype within seconds upon upshift to restrictive temperature (Davies 
et al., 2014).  Furthermore, cytokinesis completed successfully when embryos were upshifted 
to restrictive temperature during polarity establishment then downshifted to permissive 
temperature prior to anaphase onset (Figure S 1D).  Taken together, these results suggest that 
establishment of A-P polarity (very early in the cell cycle, before NEBD) is required for 
efficient contractile ring constriction during cytokinesis, a significantly later cell cycle event.  
Core cortical PARs are required for cytokinesis when formin activity is weakened 
 Establishment of A-P polarity requires both core cortical aPAR and pPAR proteins 
(Figure 8B; Figure 9A).  Myosin-II itself is a cortical aPAR, required for polarity 
establishment and maintenance and localizing to the anterior cortex (Cuenca et al., 2003; Guo 
and Kemphues, 1996; Liu et al., 2010).  To directly test a role for A-P polarity in cytokinesis, 
we RNAi-depleted five different cortical PAR proteins in either formin(ts) or myosin-II(ts) 
mutants to assess these synthetic interactions for cytokinesis function.  Depletion of the 
aPARs (PAR-6, PAR-3, PKC-3, or CDC-42) or pPAR (PAR-2) caused cytokinesis failure in 
formin(ts) embryos at semi-permissive temperature, with little to no contractile ring 
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constriction (Figure 9B; S3B).  In contrast, PAR depletion slowed but did not block 
cytokinesis in myosin-II(ts) embryos at semi-permissive temperature (Figure 9C; S3B).  
Depletion of each PAR alone, in the absence of another mutation, did not cause cytokinesis 
failure (Figure 9B-C; S3B), consistent with a synthetic effect.  Successful PAR depletion was 
confirmed by four hallmarks of loss of polarity (see Methods, Figure 9A; S2A-D; S3A).  
These data suggest that myosin-II and the core cortical PARs act together during A-P polarity 
establishment to regulate cytokinesis synergistically with formin.  That is, the cortical PAR 
and formin pathways each contribute to cytokinesis and weakening either one alone is not 
sufficient to cause cytokinesis failure, but weakening both pathways prevents cytokinesis.   
 Why are both aPARs and pPARs required for robust cytokinesis when formin activity 
is weakened?  One possibility is that cytokinesis in asymmetrically dividing cells requires 
opposing cortical PAR domains or the A-P polarity boundary, maintained by mutual aPAR 
and pPAR exclusion.  If so, the A-P polarity boundary might act as a special site that 
facilitates contractile ring assembly and constriction.  Indeed, we found that furrow initiation 
occurred near the A-P polarity boundary (where PAR-6 levels are decreasing and PAR-2 
levels begin to increase), suggesting a possible association between the A-P boundary and the 
initial site of contractile ring assembly (Figure 9D,E) 
 
 




Figure 9: PARs protect against cytokinesis failure when formin activity is reduced 
 
A) RNAi-depletion of cortical PAR proteins disrupts A-P polarity. B,C) Depletion of cortical 
PAR proteins leads to cytokinesis failure in formin(ts) (B) but not myosin-II(ts) mutant 
embryos (C) at semi-permissive temperature (n=10, all conditions, mean ± SEM). D) 
Schematic of cortical linescan used for analysis in (E). E) The A-P polarity boundary, where 
PAR-2 levels start to increase relative to PAR-6 levels, coincides with the site of furrow onset 
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Cytoplasmic polarity and spindle length are not key regulators of cytokinesis when formin 
activity is compromised 
To identify factors downstream of the core cortical PAR proteins during cytokinesis, 
we first examined PAR-1 and PAR-4, which mediate the asymmetric inheritance of key 
cytoplasmic components (e.g. RNA granules) and differential daughter cell cycle timing 
(Figure S 2E,F) but are dispensable for cortical A-P polarity in the one-cell embryo (Figure 
10A).  PAR-1 localizes to the posterior cell cortex (Boyd et al., 1996); PAR-4 localizes 
uniformly on the cortex (Watts et al., 2000) and has been shown to regulate myosin-II during 
cytokinesis (Chartier et al., 2011; Pacquelet et al., 2015).  We found that depletion of either 
PAR-1 or PAR-4, alone or in combination with the formin(ts) or myosin-II(ts) mutation, did 
not affect cytokinesis (Figure 10B), suggesting that this role in cytokinesis is specific to the 
core cortical PARs.   
It was previously suggested that cortical PARs indirectly regulate cytokinesis by 
increasing spindle length and astral separation (Dechant and Glotzer, 2003; Lewellyn et al., 
2010).  We did not find any correlation between reduced spindle length and the success or 
failure of cytokinesis following cortical PAR depletion (Figure 10C).  While PAR-2 depletion 
decreased spindle length and caused cytokinesis failure in formin(ts) mutants, PAR-6 
depletion increased spindle length and also caused cytokinesis failure (Figure 10C).  
Similarly, though PAR-2 depletion in myosin-II(ts) mutants led to very short spindles, 
cytokinesis did not fail with either PAR-2 or PAR-6 depletion in this mutant (Figure 10C).  
Thus the effects of core cortical PAR proteins on cytokinesis in this system are not due to 
downstream effects on cytoplasmic factors or reduced spindle length. 




Figure 10: The cortical PAR proteins regulate f-actin in the contractile ring during 
cytokinesis and not via downstream PAR proteins or spindle length 
 
A) Depletion of neither PAR-1 nor PAR-4 disrupts A-P cortical polarity.  B) RNAi- depletion 
of PAR-1 or PAR-4 does not lead to cytokinesis failure in formin(ts) or myosin-II(ts) mutant 
embryos at semi-permissive temperatures (n=10, all conditions, mean ± SEM).  C) Spindle 
lengths for all conditions arranged from shortest to longest at the formin(ts) or myosin-II(ts) 
semi-permissive temperature.  D) Schematic of region and formula used for analysis shown in 
(E,F).  E) Depletion of PAR-6 or PAR-2 reduces f-actin levels in the contractile ring, relative 
to controls (control(RNAi) n=13, par-6(RNAi) n=7, par-2(RNAi) n=7, mean ± SD).  F) 
Depletion of PAR-6 or PAR-2 has opposing effects on myosin-II levels in the contractile ring, 
relative to controls (control(RNAi) n=13, par-6(RNAi) n=7, par-2(RNAi) n=7, mean ± SD). 
Scale bars, 10μm. AO, anaphase onset.  cyk-1=formin;nmy-2=myosin-II.   
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The core cortical PAR proteins are required for normal f-actin accumulation in the 
contractile ring 
Because the myosin-II/cortical PAR pathway shows a synthetic interaction with the 
formin pathway during cytokinesis and a major function of formin is actin polymerization, we 
next tested whether the core cortical PAR proteins regulate f-actin levels in the contractile 
ring, using GFP-tagged reporters to monitor f-actin and myosin-II (Figure 10D).  Depletion of 
either PAR-6 or PAR-2 alone led to a 30% and 27% reduction, respectively, in f-actin levels 
at the contractile ring (Figure 10E), consistent with their synthetic cytokinesis failure 
phenotypes.  Effects on myosin-II levels were inconsistent between PAR-6 and PAR-2, as 
depletion of PAR-6 led to a 31% decrease and PAR-2 led to a 48% increase in myosin-II 
levels in the contractile ring (Figure 10F), as expected from their opposing effects on global 
cortical myosin-II levels (Munro et al., 2004).  These data suggest that both the cortical aPAR 
and pPAR proteins promote normal f-actin levels at the contractile ring in asymmetrically 
dividing cells and that this function is synthetic with compromised formin activity during 
cytokinesis. 
 
The cortical PARs mediate the anterior retention of anillin and septin and restrict their 
targeting to the contractile ring  
How do the PARs regulate f-actin levels at the contractile ring?  The anterior of the 
early embryo is enriched for several actomyosin binding and regulatory proteins (Munro et 
al., 2004).  Starting from a list of genes that genetically interact with the cortical PARs (Fievet 
et al., 2013), we next identified asymmetric (anterior) enrichment of two actomyosin-binding 
and crosslinking proteins implicated in cytokinesis: septinUNC-59 (hereafter septin) and 
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anillinANI-1 (hereafter anillin) (Figure 11A-C; S3C-D) (Bridges and Gladfelter, 2015; Field et 
al., 2005; Maddox et al., 2007; Oegema et al., 2000; Straight et al., 2005).  We found that this 
anterior localization of septin and anillin is dependent on the cortical PARs (Figure 11A-C; 
S3C-D).  That is, depletion of PAR-6 or PAR-2 led to a decrease in anterior enrichment and 
increase in posterior enrichment of GFP::septin and GFP::anillin during metaphase (Figure 
11A-C; S3C-D).  During furrow onset, septin and anillin remained polarized in control 
embryos (Figure S 3E-F).  In contrast, PAR-6 or PAR-2 depletion decreased the polarization 
of septin and anillin and increased their levels at the contractile ring both at furrow onset 
(Figure S 3E-F) and during ring constriction (37% and 42% increases in septin; 29% and 21% 
increases in anillin, after PAR-6 and PAR-2 depletion, respectively) (Figure 11A, D-E).  
Importantly, depletion of neither septin nor anillin disrupted A-P polarity (by PAR-6 and 
PAR-2 distribution), suggesting these proteins are downstream of the cortical PARs (Figure 
11F).  Thus, the core cortical PARs are required for the asymmetric anterior localization of 
both septin and anillin (Figure 11G) and to restrict their accumulation at the contractile ring 













Figure 11: PAR proteins are required to retain septin and anillin in the cell anterior 
away from the contractile ring 
A) Representative images of maximum projections of GFP::septinUNC-59 and GFP::anillinANI-1 
at metaphase and during cytokinesis, with and without A-P polarity. B) Schematic of A and P 
cortical linescans used for analysis shown in (C).  C) Ratio of anterior to posterior cortical 
fluorescence of septin and anillin with and without PAR-6 and PAR-2 depletion (n≥10, all 
conditions, mean ± SD). D) Schematic of region and formula used for analysis shown in (E).  
E) Septin and anillin levels in the contractile ring increase following disruption of A-P 
polarity.  F) Depletion of septin or anillin does not disrupt A-P polarity.  G) Anterior 
enrichment of septin and anillin is PAR-dependent, but not vice versa.  Scale bars, 10μm. ani-
1=anillin; unc-59=septin.   
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Septin and anillin negatively regulate f-actin levels in the contractile ring  
Since we found that the core cortical PARs modulate f-actin levels at the contractile 
ring and are also required to spatially restrict septin and anillin, we next tested whether septin 
and anillin also modulate f-actin and/or myosin-II levels in the contractile ring.  
Unexpectedly, RNAi-mediated depletion of either septin or anillin led to increased f-actin 
levels in the contractile ring (20% and 19% respectively; Figure 12A,B), suggesting that these 
two proteins inhibit f-actin accumulation.  As previously published, depletion of septin or 
anillin led to a 24% increase or no change (respectively) in myosin-II levels in the ring 
(Lewellyn et al., 2011; Maddox et al., 2007) (Figure 12A,C).  These results demonstrate that 
PAR-6 and PAR-2 have opposite effects on spindle length and myosin-II localization but 
similar effects on f-actin, septin, and anillin levels in the contractile ring during cytokinesis.  
These results further suggest that septin and anillin function as negative regulators of f-actin 
accumulation at the contractile ring during cytokinesis and their PAR-dependent anterior 
polar retention allows proper f-actin accumulation at the ring during asymmetric cell division. 
 
Depletion of septin and anillin suppresses cytokinesis failure in formin mutants with and 
without the cortical PARs 
We finally predicted that, if loss of cortical PAR proteins enhances cytokinesis failure 
in formin mutants by increasing the levels of septin and anillin in the contractile ring, then 
depletion of septin and/or anillin should rescue cytokinesis failure in formin(ts) mutants 
lacking A-P polarity.  Consistent with this prediction, we found that depletion of septin 
completely rescued cytokinesis failure in formin(ts);par-6(RNAi) and formin(ts);par-2(RNAi) 
zygotes, even at semi-restrictive temperature when formin(ts) mutants alone fail in cytokinesis 
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(Figure 12D; S1A). These results suggest that the synthetic interaction between loss of formin 
activity and loss of PAR proteins is dependent on septin.  Thus, the major contribution of the 
cortical PARs to cytokinesis may be to inhibit septin, since in the absence of septin the PARs 
are dispensable.  Indeed, depletion of septin or anillin rescues cytokinesis failure in formin(ts) 
mutants but not in myosin-II(ts) mutants (Figure 12E-F).  While depletion of septin (but not 
anillin) led to increased contractile ring constriction in myosin-II(ts) embryos at semi-
restrictive temperature, cytokinesis ultimately failed in 100% of embryos (Figure 12F).  This 
is consistent with the increase in contractile ring myosin-II levels observed following septin 
(but not anillin) depletion (Figure 12C).  Taken together, our results suggest a model in which 
opposing cortical aPAR and pPAR proteins promote robust cytokinesis during asymmetric 
cell division by mediating the localization of septin and anillin to the cell anterior (Figure 
12G).  Further experiments will be necessary to determine if this is a direct or indirect effect. 
While we were initially surprised by the inhibitory role for anillin and septin during 
cytokinesis, there is little consensus for a positive regulatory role for these proteins in cell 
division.  Anillin homologs are not required for contractile ring assembly and constriction in 
many systems, including budding yeast (Norden et al., 2006), fission yeast (Chang et al., 
1996), many C. elegans cell types (Maddox et al., 2007), some cells in Drosophila (Field et 
al., 2005; O'Farrell and Kylsten, 2008), zebrafish ganglion cell progenitors (Paolini et al., 
2015), and even HeLa cells, in which loss of anillin causes cytokinesis failure in only 15-50% 
of cells (Piekny and Glotzer, 2008; Straight et al., 2005).  The septins, originally identified in 
the asymmetrically dividing budding yeast, are required in that system for mother-daughter 
cell separation but not for actomyosin contractile ring constriction (Wloka et al., 2011).  
Septins are also dispensable for most cytokinetic events in fission yeast (Wu et al., 2010), 
  66 
worms (Maddox et al., 2007; Nguyen et al., 2000), some Drosophila cell types (Field et al., 
2008), and in many human cell types (Menon and Gaestel, 2015).  In fact, ring constriction is 
faster without the septins in some systems (Lewellyn et al., 2011; Wloka et al., 2011).  Anillin 
and septin have also both been implicated in regulating the asymmetry of contractile ring 
constriction within the division plane (Maddox et al., 2007).  This role is quite different than 
the PAR-dependent asymmetry in daughter cell fate and size that we describe here.  Our data 
suggest that, at least in asymmetrically dividing C. elegans embryos, anillin and septin 
function as negative regulators of contractile ring assembly and constriction, perhaps due to 
their ability to cross-link f-actin and/or myosin-II and thus increase drag or filament severing, 
or reduce filament turnover. 
Two classic hallmarks of cancer progression are the loss of cell polarity and defects in 
cytokinesis (Davoli and de Lange, 2011; Ganem et al., 2007; Halaoui and McCaffrey, 2015).  
Here we demonstrate that during asymmetric cell division the PAR proteins actively promote 
robust contractile ring constriction during cytokinesis.  This regulation might help protect 
against division errors and protect the fidelity of critical asymmetric cell divisions, such as in 
proliferating stem cells.  Our work also suggests that the loss of cell polarity increases the 
incidence of cytokinesis failure and thus could be a cause, rather than an effect, of cancer 
development.   
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Figure 12: Septin and anillin restrict contractile ring f-actin levels and negatively 
regulate cytokinesis 
 
A) Schematic of region and formula used for analysis shown in (B,C).  B) Depletion of septin 
and anillin increased f-actin levels in the contractile ring, whereas C) only septin depletion 
increased myosin-II levels in the ring (n≥10, all conditions, mean ± SD).  D) Depletion of 
septin suppresses cytokinesis failure in formin(ts) mutant embryos at semi-restrictive 
temperature, even when A-P polarity is simultaneously disrupted (control(RNAi) n=9, cyk-
1(ts);control(RNAi) n=11, par-6(RNAi);unc-59(RNAi) n=11, cyk-1(ts);par-6(RNAi) n=3, cyk-
1(ts);par-6(RNAi);unc-59(RNAi) n=12, par-2(RNAi);unc-59(RNAi) n=10, cyk-1(ts);par-
2(RNAi) n=4, cyk-1(ts); par-2(RNAi); unc-59(RNAi) n=12, mean ± SEM).  E) Depletion of 
septin and anillin suppresses cytokinesis failure in formin(ts) mutant embryos at semi-
restrictive temperature (n=10, all conditions, mean ± SEM).  F) RNAi-mediated depletion of 
neither anillin nor septin suppresses cytokinesis failure in myosin-II(ts) mutant embryos at 
semi-restrictive temperature (n≥8, all conditions, mean ± SEM).  G) In our genetic model, 
PAR proteins inhibit septin and anillin localization in the contractile ring by promoting their 
anterior retention. This prevents septin and anillin from inhibiting f-actin and thereby 
promotes robust cytokinesis.  Scale bar, 10μm.  cyk-1=formin; nmy-2=myosin-II; ani-
1=anillin; unc-59=septin.   
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Figure S 1: ts mutants allow tuning of specific protein functions that are necessary for 
cytokinesis. 
 
A) Temperature response tables for control, formin(ts), and myosin-II(ts) embryos.  Formin 
and myosin-II fast-acting ts mutants have tunable constriction defects, dependent on 
temperature. B) Control embryos complete cytokinesis when upshifted to semi-permissive 
temperature prior to cytokinesis. C) At fully restrictive temperature, formin(ts) embryos 
successfully polarize myosin-II (NMY-2::GFP) in an anterior cap prior to cytokinesis. D) 
Double myosin-II(ts);formin(ts) mutant embryos complete cytokinesis when temporarily 
upshifted to restrictive temperature and returned to fully permissive temperature before 
anaphase onset, indicating that these ts mutant phenotypes are reversible. Scale bar, 10μm. 
cyk-1=formin; nmy-2=myosin-II.   
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Figure S 2: Successful RNAi-mediated knockdown of PAR proteins was confirmed using 
hallmarks of the loss of polarity. 
 
A) Metaphase plate position in RNAi-depleted embryos was measured immediately prior to 
anaphase onset by calculating the deviation in position of the metaphase plate from the cell 
center (at 0µm) towards the anterior (negative change) or posterior (positive change).  B) 
Daughter cell size asymmetry was measured immediately following contractile ring closure.  
Asymmetric division is indicated by an increased difference in daughter cell length (when 
AB>P1).  C) Metaphase plate position for RNAi-depleted embryos. D) Daughter cell size 
asymmetry for RNAi-depleted embryos.  E) Successful depletion of cytoplasmic polarity 
regulators (PAR-1 and PAR-4) was determined by measuring the loss of the cell cycle delay 
between anaphase onset in the AB blastomere and anaphase onset in the P1 blastomere.  In 
control embryos, there is a significant delay between the two cell cycles; this difference is lost 
upon disruption of cytoplasmic polarity. F) Difference in time between anaphase of AB and 
anaphase of P1. All data shown as mean ± SD. Scale bars, 10μm. NOTE: cyk-1=formin; nmy-
2=myosin-II; unc-59=septin; ani-1=anillin. 




Figure S 3: Cortical PAR proteins regulate cytokinesis and sequester septin and anillin 
in the cell anterior. 
 
A) Depletion of the aPARs CDC-42, PAR-3, and PKC-3 results in an expansion of the 
posterior PAR PAR-2 into the entire cell cortex. B) RNAi-mediated depletion of cortical 
aPAR proteins (CDC-42, PAR-3, or PKC-3) leads to cytokinesis failure in formin(ts) but not 
myosin-II(ts) mutant embryos at semi-permissive temperature (n≥9, all conditions, mean ± 
SEM). C) Schematic of linescan taken for quantifications in (D) to measure reporter 
localization. D) At metaphase, septin and anillin are enriched in the cell anterior in a PAR-
dependent manner (n≥10, all conditions, mean ± SD). Mean from control(RNAi) is displayed 
for reference. E) Schematic of linescan taken for quantifications in (F) to quantify reporter 
localization. F) At furrow onset, septin and anillin are enriched in the cell anterior in a PAR-
dependent manner (n≥10, all conditions, mean ± SD). Mean from control(RNAi) is displayed 
for reference.  Scale bars, 10μm. NOTE: cyk-1=formin; nmy-2=myosin-II. 
  71 
 
 
Table S 1: Strain names and genotypes. 
Strain names and genotypes used in this study 
  
Table S 2: Feeding RNAi constructs. 
Plasmid names, targeted genes for RNAi experiments, oligos used to generate RNAi feeding 
construct and DNA template used or Ahringer library (Kamath and Ahringer, 2003; Kamath 
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Results and Discussion not published in the paper 
Opposing polarity domains may contribute to the fidelity of cytokinesis 
As we found both the opposing aPAR and pPAR proteins (which overlap at the 
division plane) were required to protect against cytokinesis failure in the formin(ts) mutant, 
we were also interested to see if the presence of opposing domains itself is a contributing 
factor in cell division.  To address this, we used PAR-5(RNAi), which is responsible for the 
exclusion of opposing polarity proteins and results in the entire cortex being occupied by both 
aPARs and pPARs (Morton et al., 2002).  If the presence of both aPARs and pPARs is 
contributing to cytokinesis, then use of PAR-5(RNAi) in our sensitized mutants should show 
rescue of ingression. formin(ts);PAR-5(RNAi) embryos still exhibited little furrow ingression 
and ultimately 10 out of 10 embryos failed in cytokinesis (Figure 13A,C).  Further, myosin-
II(ts);PAR-5(RNAi) embryos showed enhancement with 3/8 embryos failing to divide 
compared to all embryos completing cytokinesis in myosin-II(ts) at SP (Figure 13B-C).   
Even so, from this we cannot conclude that the overlap or opposing zone of aPAR and 
pPAR proteins is not an ingredient required for PAR-mediated protection of cytokinesis 
because PAR-5 is one of two 14-3-3 proteins in C. elegans, which are proteins that regulate 
many aspects of cell homeostasis. (Aristizabal-Corrales et al., 2013). As a consequence of 14-
3-3 loss, cap-dependent translation-- normally suppressed during mitosis, is not inhibited and 































A, B) Kinetic analysis of contractile ring constriction in formin(ts) and myosin(ts) mutant 1-
cell embryos with and without PAR-5, dividing at semi-permissive temperatures (18.5ºC) (A) 
and semi-permissive (22.5ºC) (B) temperature.  Graphs show the mean ring diameter over 
time, with all replicates for the in a more transparent shade of the same dark blue.  Error bars 









Figure 13: Loss of PAR-5 does not rescue cytokinesis failure in CR weakened ts strains 
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Requirement for “core” cytokinetic proteins may be cell and PAR-dependent 
Cytokinesis is not equal across all tissue types such as in the liver and heart where 
incomplete cytokinesis occurs intentionally (Margall-Ducos et al., 2007).  This propelled us to 
study how differences in cell “identity” affect the ability of the cytokinetic machinery to drive 
cell division. I went on to study the differential regulation of cytokinesis in the 4-to-8 cell C. 
elegans embryo.  Using conditional, temperature-sensitive (ts) mutants of the core cytokinetic 
machinery (formin, myosin-II) to selectively weaken specific proteins that function in 
cytokinesis and bypass the first and second rounds of division, we have found that cytokinesis 
is differentially regulated in the 4-to-8 cell embryo. I also investigated the contribution of 
PAR proteins in these mutants. At the four-cell stage in the C. elegans embryo, there are two 
cells that undergo an asymmetric division (EMS and P2), and two cells that undergo a 
symmetric cell division (ABa and ABp).  At this stage, each daughter cell is programmed to 
form a unique cell fate and lineage, which are specified to form the hypodermis, nervous 
system, pharynx and the germ-line from their descendants (Riddle et al., 1997).  This cell fate 
specification is mediated by conserved signaling molecules Delta/Notch, and Wnt/Frizzled, 
some of which also control the orientation of PAR proteins (Arata et al., 2010).  The fates of 
the blastomere sisters are conditional on their cell-contacts within the embryo, which also go 
on to effect cell polarity.  
To begin, I set out to find the pivot temperature, the temperature at which I observe 
equal cytokinesis failure and completion, for formin and myosin-II mutants. In the one-cell 
embryo at the restrictive temperature 26ºC, no contractile ring constriction is observed for 
myosin-II or formin mutants (Davies et al., 2014) but there was no published data on the 
cytokinetic phenotype if the mutants were disrupted at later cell divisions. By upshifting the 
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embryos from permissive to a range of temperatures, I could determine if and how the 
requirement for myosin-II or formin varies between the different cell types.  
To find the pivot temperatures, I performed time-lapse image analysis of cytokinesis 
in the four-cell C. elegans embryo, under control(RNAi) or PAR knockdown conditions at 
temperatures ranging from approximately 19ºC-26ºC using a device dubbed the Therminator. 
The Therminator is a fluidic device made in the lab that is able to shift between cold and 
warm temperatures in ~ 17s. In doing so, it rapidly inactivates protein function of temperature 
sensitive mutants during live imaging of cells (Davies et al., 2014). Then I went on test if 
PARs protect against cytokinesis failure in a multicellular embryo in the sensitized genetic 
mutants by searching for suppressors or enhancers of cytokinesis. Given the results of 
polarity’s role in cytokinesis in the one-cell zygote, I expected the EMS and P2 daughter cells 
to be more protected against cytokinesis failure than ABa and ABp because they establish 
opposing polarity domains while the latter are non-polarized.  
PAR activity was disrupted using feeding RNAi against PAR-6 and/or PAR-2 
function (Figure 14).  I found for formin the pivot temperature of ABa would be between 
20ºC and 22ºC, given the failure phenotype (only 1/7 or 14.3% complete at 22 ºC) (Figure 
14C). The pivot temperature for ABp appears to be higher, at around 23ºC where 4/9 (~44%) 
of embryos complete cytokinesis. EMS and P2 exhibit a much higher pivot temperature than 
ABa and ABp and more so even than the zygote (Davies et al., 2014). EMS may have less 
requirement for formin than even P2 cells as no failure is seen even at 25ºC and some 
embryos still complete even at 26ºC (though there are few n’s at this temperature). For P2 the 
pivot temperature appears to be ~25ºC with 5/8 (~63%) of embryos completing cytokinesis. 
At 26 ºC 3/4 embryos are still able to complete cytokinesis but given the small number of 
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embryos observed, a greater n would likely yield to the observance of more cytokinesis failure 
at this temperature.  
Upon knockdown of PAR-6 in the formin(ts) mutants, I observed some enhancement 
of the failure phenotype in EMS and P2 cells (Figure 14C). It is difficult to conclude the 
effect of PAR-6 RNAi on ABa and ABp cells given the few n’s, but there does not appear to 
be much enhancement. For the ABa cell in the formin(ts);par-6(RNAi) condition, fewer cells 
fail at 23 ºC (6/7 or 86% complete cytokinesis) than in the formin(ts) alone where 8/9 (~89%) 
of embryos fail to divide at the same temperature. Even so, this is already a much higher pivot 
point than observed at the 1-cell embryo, where all embryos exhibit cytokinesis failure at 
23.5ºC (and needless to say at the restrictive 26ºC) whereas the EMS and P2 cell still show 
embryos completing cytokinesis at 25ºC and 26ºC. Based on this limited data, it seems PAR-6 
may have a protective role in cytokinesis for the EMS and P2 cell but not in the ABa or ABp 
cell. It is also possible, that PAR-6 function may be slightly less advantageous for ABp given 
that PAR-6 knockdown causes more cells (5/7) to complete cytokinesis than in formin(ts) 
mutants alone (4/9) at the same temperature (though again more n’s would be necessary to 
draw any big conclusions).  
In regards to the effect of PAR-2 depletion it seems that ABp cells have a better 
resistance than ABa cells as 0/8 cells fail to divide at 23 ºC while 4/8 (50%) ABa cells fail at 
this same temperature (Figure 14E). Surprisingly, only 4/7 (57%) of P2 cells completed 
cytokinesis at 23 ºC while all 7/7 (100%) of EMS cells divided. This may suggest that the P2 
cell is more sensitive to the loss of posterior polarity proteins than the EMS cell. 
The requirement for myosin-II, unlike for formin, appears to be equally necessary for 
all 4 cell types. At 24ºC, ABa divides successfully 52% of the time and ABp divides 68% 
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while at 25ºC all cells fail so 24ºC- 24.5ºC is likely the pivot point (Figure 14A). This is 
similar to what is observed in the C. elegans zygote (Davies et al., 2014). Unexpectedly, EMS 
and P2 show more sensitivity to loss of myosin than ABa and ABp, with 7/8 (~88%) failing to 
divide at 24ºC. Since all embryos complete cytokinesis at 22ºC the pivot temperature is likely 
around 23ºC. It seems that myosin function is important for cytokinesis for all 4 cells, and 
particularly so for the EMS and P2 cells to divide.  
Although double mutants myosin-II(ts);par-6(RNAi) were only observed at 3 
temperatures, already an enhancement in the failure phenotype is present given that all cell-
types begin to show some failure at 22ºC whereas in myosin-II(ts) mutants alone generally 
failure is only observed at 24ºC and above (with the 1 anomaly of an ABa cell that fails at 20 
ºC) (Figure 14B). This suggests that perhaps PAR-6 continues to have a protective role in 
cytokinesis even later in development.  
In the anterior blastomere daughter cells, ABa and ABp, the requirement for formin 
was similar as in the zygote while EMS and P2 display protection against cytokinesis failure 
and need a much higher upshift in temperature before the cells fail to divide. It is possible this 
may have something to do with how these cells divide. One similarity between EMS and P2 is 
they divide asymmetrically, unlike ABa and ABp cells. Further, the position of EMS and P2 
within their lineage may be another reason they are more robust at completing cytokinesis 
even in the absence of formin, though this same reasoning would not apply for the loss of 
myosin. ABa and ABp are downstream of their mother AB founder cell whereas EMS and P2 
are upstream of their founder cells E, MS and P4. As such, these cells may afford more 
protection to better guarantee chances for the formation of their founder cell descendants.  
 









































A) Contro(RNAi);myosin-IINMY-2(ts), B) PAR-6(RNAi);myosin-IINMY-2(ts) C) 
Contro(RNAi);forminCYK-1(ts), D) PAR-6(RNAi);forminCYK-1(ts) E) PAR-2(RNAi);forminCYK-
1(ts)  mutant embryos were upshifted to specific temperatures and the cytokinetic outcome of 
each blastomere was scored.  The percent of cells exhibiting each cytokinetic phenotype at the 
indicated temperature is plotted for each cell type and genotype.  
  
Figure 14: Requirement of myosin-II and formin with and without PARs 
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A major caveat is that knockdown of PAR proteins via RNAi precludes polarity 
establishment during critical points of development that could go on to define the essential 
fate of the cell. If the fate of the cells is not conserved then it is difficult to interpret much of 
this data and the reason for the differential cytokinesis phenotypes. While the differences in 
the requirement for myosin-II and formin has gone on to be investigated by another member 
of the lab, the effect of PARs in conjunction with loss of these proteins can still be probed 
further. Some things that would have to be accounted for again are the fate of the cells. There 
are intrinsic regulatory mechanisms besides polarity and cell-cycle differences that can be 
attributed to different fates. For instance, P1 cell descendants inherit P-granules and CAR-1 
(Pitt et al., 2000; Schisa et al., 2001; Strome and Wood, 1982). Observing if there are any 
differences in typical spindle alignment in EMS and P2 where EMS typically divides along 
the A-P axis while P2 divides dorsal to ventral axis may be one solution to examining if cell 
identity is still present (Evans et al., 1994; Priess and Thomson, 1987). If these intrinsic fate 
characteristics are not maintained when PARs are depleted so early on with feeding RNAi, 
another option, albeit much more difficult, would be to make or look for temperature sensitive 
PAR mutants whose semi-restrictive/restrictive temperature would optimally be less than or 
the same as for the other cytokinetic mutants so PAR proteins could be depleted at specific 
stages of interest. Perhaps also, the difference in requirement is tethered to the fate of the 
cell’s descendants such that certain cells that eventually become [X] have a higher or lower 
requirement for a given protein (explored more in Chapter 4).  
One thing is certain, the different cell-specific requirements for formin and myosin-II 
points to the importance of investigating classically required cytokinetic protein functions 
beyond the 1-cell stage. 
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Materials and Methods 
Strain maintenance   
 Caenorhabditis elegans were maintained on standard NGM plates seeded with OP50 
E. coli, as described (Brenner, 1974).  Strain names and genotypes used in this study can be 
found in Table S 1. Amy Maddox (University of North Carolina; Chapel Hill, NC, USA) 
provided the strains OD159 [GFP::ANI-1] and OD26 [GFP::UNC-59], the latter of which was 
crossed with a strain containing the histone marker ltIs37[pAA64; pie-1/mCHERRY::his-58; 
unc-119 (+)] to generate JCC425. Michael Glotzer (University of Chicago; Chicago, IL, 
USA) provided a strain containing the f-actin marker mgSi3[tb-unc-119(+) GFP::Utrophin], 
which was crossed with a strain containing the histone marker ltIs37[pAA64; pie-
1/mCHERRY::his-58; unc-119 (+)] to generate JCC719. 
 
Temperature control 
Control and temperature-sensitive (ts) strains were maintained in an incubator 
(Crittenden et al.) at permissive temperature (16.0˚C ± 0.5˚C), except JCC744, JCC719, 
JCC541, JCC425, and OD159, which were maintained at room temperature to prevent 
silencing of fluorescent reporters.  Live imaging was performed in a room with homeostatic 
temperature control, set to the desired temperature at least one hour prior to the experiment.  
The temperature of the specimen was continuously monitored using three thermometers, 
attached directly to the objective lens with a glue gun.  Where denoted throughout the paper, 
room temperatures were as follows: formin(ts) semi-permissive temperature (18.5˚C ± 0.5˚C); 
formin(ts) semi-restrictive temperature (23.5˚C ± 0.5˚C); myosin-II(ts) semi-permissive 
temperature (22.0˚C ± 0.5˚C); myosin-II(ts) semi-restrictive temperature (25.5˚C ± 0.5˚C); 
  81 
fully restrictive temperature (26.5˚C ± 0.5˚C).  During Therminator experiments (Figure 8A; 
S1B,D), the room was maintained at the formin(ts) semi-permissive temperature (18.5˚C ± 
0.5˚C) (Davies et al., 2014). 
Rapid temperature shifts 
 Rapid temperature shifts were performed using a custom-built fluidic system called 
the Therminator (Davies et al., 2014) (Bioptechs) with one water/isopropanol bath maintained 
at permissive temperature (16.0˚C ± 0.5˚C) and a second bath at the semi-permissive 
temperature (18.5˚C ± 0.5˚C; Figure 8A; S1B) or restrictive temperature (26.5˚C ± 0.5˚C; 
Figure S 1D).  A switch mechanism determines which water bath supplies liquid for the 
chamber above the specimen.  Forced heat convection from the flow chamber to the glass 
barrier directly above the specimen chamber rapidly shifts the sample temperature. 
 
Live-cell imaging 
Young gravid hermaphrodites were dissected in 16˚C M9 buffer (Brenner, 1974) and 
mounted on a thin, 2% agar pad, as previously described (Davies et al., 2014; Gonczy et al., 
1999).  Embryos were filmed using a Yokagawa CSU-10 spinning disc confocal with Borealis 
(Spectral Applied Research) on a Nikon Ti inverted microscope with a 60x 1.4 N.A. oil-
immersion PlanApochromat objective with 2x2 binning on a Hamamatsu Orca-R2 CCD 
camera.  During temperature shift experiments, a 20x 0.75 N.A. dry objective was used.  Z-
sectioning was done with a Piezo-driven motorized stage (Applied Scientific Instrumentation) 
and focus was maintained using Perfect Focus (Nikon) prior to each Z-series acquisition.  An 
acousto-optic tunable filter was used to select the excitation light of two 100mW lasers for 
excitation at 491 and 561nm for eGFP and mCherry, respectively (Spectral Applied 
  82 
Research), and a filter-wheel was used for emission wavelength selection (Sutter 
Instruments).  The system was controlled by Metamorph software (Molecular Devices). 
A central DIC image and a through-cell fluorescent Z-series were collected every 30s 
to measure contractile ring dynamics (7 x 2.0μm steps; Figure 9B,C; Figure 10B; Figure 12D-
F; S1A; S3B) or every 60s for Therminator upshifts (5 x 2.0μm steps; Figure 8A; S1B,D), and 
measurement of fluorescent reporter accumulation in the cell poles and contractile ring (11 x 
2.5μm steps; Figure 9D,E; Figure 10D-F; Figure 11B-E; Figure 12A-C; Figure S 3C-F). 3 x 
1.0μm steps were acquired at the cell cortex for Figure S 1C. 
 
Image analysis  
Metamorph and Image J software were used for all data analysis.  Metaphase plate 
positions were measured 30s prior to anaphase onset. In Figure 8C, positions are shown 
relative to the A-P axis, with the anterior pole being 0% and the posterior pole 100%. In 
Figure S 2A,C, the distance between the posterior pole and the metaphase plate was 
subtracted from the distance between the anterior pole and the metaphase plate.  Positions 
reflect displacement of the metaphase plate from the cell center (0μm). 
Contractile ring diameter was measured at the cell equator from anaphase onset until, 
in the case of cytokinesis completion, anaphase of the subsequent cell cycle, or, in the case of 
cytokinesis failure, until the contractile ring had completely regressed and the next cell cycle 
began in the aneuploid cell.  The ring diameter was measured as the shortest distance between 
the furrow tips, using a fluorescent marker targeted to the plasma membrane (PH::GFP, 
pleckstrin homology domain; (Audhya et al., 2005)).  For each time point, the Z plane at 
which the ring diameter was widest was used for this measurement.  Contractile ring diameter 
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was plotted as a percentage of the initial diameter (at metaphase) as a function of time.  
Anaphase onset was determined using a fluorescent histone marker (mCherry::Histone2B; 
(Audhya et al., 2007)) and was set as the first time point at which distinct sister chromatids 
became visible. 
Cortical localization of fluorescent markers (GFP::anillinANI-1, GFP::septinUNC-59) 
(Maddox et al., 2007) was measured at metaphase (one frame prior to anaphase onset) and 
furrow onset (one frame prior to formation of a “double membrane furrow”, ~60s after 
anaphase onset).  A sum projection of 7 central planes was generated and the mean 
fluorescence was measured along a linescan tracing the cortex from anterior to posterior pole.  
The mean fluorescence was measured outside of the cell and subtracted from the cortical 
fluorescence.  Values along the cortical linescan were then normalized to the line average for 
that cell; that is, a homogeneous cortex would have a value of 1 at all points.  In Figure 9D-E, 
the mean fluorescence of the two polarity markers (mCh::PAR-6 and GFP::PAR-2) 
(Schonegg et al., 2007) was measured similarly but are shown as a ratio of one to the other, 
rather than being normalized to the line average. Fluorescence values around polar bodies 
were removed from linescans.  Polarized accumulation of GFP::anillinANI-1 and 
GFP::septinUNC-59 (Figure 11B-C) was calculated at metaphase as a ratio of the mean 
fluorescence in the anterior half over the posterior half of the embryo.   
Accumulation of contractile ring markers (GFP::UtrophinABD, myosin-IINMY-2::GFP, 
GFP::septinUNC-59, GFP::anillinANI-1) (Burkel et al., 2007; Maddox et al., 2007; Munro et al., 
2004; Tse et al., 2012) was measured 180s after anaphase onset from a through-cell Z-series 
sum projection (11 planes, encompassing entire cell).  The mean fluorescence was measured 
in a 65μm2 region that encompassed the contractile ring.  The mean fluorescence of an 
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equivalent background region was measured outside of the cell and subtracted from the mean 
ring fluorescence.  Intensities were then normalized to the contractile ring of control(RNAi) 
embryos imaged on the same day. 
Daughter cell size asymmetry was measured at the time of contractile ring closure (0% 
initial diameter) and is shown as a ratio of the AB (anterior daughter cell) length to the P1 
(posterior daughter cell) length.  Cell cycle asymmetry was measured as the difference in time 
from anaphase onset in AB to the time of anaphase onset in P1. Spindle lengths were 
measured 150s after anaphase onset, using transmitted light (differential interference contrast, 
DIC) to visualize the spindle poles.  Distances were normalized to the spindle length of 
controls at the same temperature. 
 
RNAi  
Exonic sequences from the desired gene were cloned into the multiple cloning site of 
the L4440 vector using standard cloning techniques and then transformed into HT115 E. coli 
using CaCl2 transformation, as described (Timmons et al., 2001).  RNAi primers and template 
DNA for each gene are listed in Table S 2.  When available, RNAi constructs were obtained 
directly from the Ahringer RNAi library (Kamath and Ahringer, 2003).  For double RNAi 
constructs (par-6; unc-59 and par-2; unc-59), exonic sequences for either par-6 or par-2 were 
cloned into the multiple cloning site of pJC55 (L4440 containing unc-59), which was 
linearized via EcoRI digestion. 
RNAi feeding bacteria were grown in Luria Broth with ampicillin (100 µg/mL) for 8-
16 hours at 32˚C.  300 µL of this culture was plated on RNAi plates: NGM agar plates 
(Brenner, 1974) supplemented with 50µg/mL ampicillin and 1mM IPTG.  These plates were 
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allowed to dry and grow at 32˚C for 24-48 hours.  L1 worms were plated on RNAi plates and 
then incubated at 16˚C for 72 hours prior to filming.  Successful RNAi-mediated knockdown 
of PAR proteins was confirmed using four hallmarks of the loss of polarity (Bossinger and 
Cowan, 2012): 1) reduced spindle displacement at metaphase, 2) loss of daughter cell size 
asymmetry following division, 3) high embryonic lethality, and 4) mislocalized fluorescent 
reporters for the anterior (mCh::PAR-6) and posterior (GFP::PAR-2) domains, and/or loss of 
cell cycle asynchrony in the AB/P1 cell divisions (see Figure S 2). 
 
Statistical Analysis 
Unpaired two-tailed t-tests were conducted using Graphpad Prism software. *indicates 
p<0.05; **indicates p<0.005; ***indicates p<0.0005; and ****indicates p<0.0001. 
Experimental Procedures for experiments not published in the paper 
Temperature control 
 
myosin-II(ts);par-5(RNAi) was imaged at its semi-permissive temperature of 22.5ºC 
and formin(ts);par-5(RNAi) was kept at its semi-permissive temperature of 18.5ºC. A range of 
temperatures were used for the formin(ts), myosin-II(ts) with control, par-6, and par-2 RNAi. 
For myosin-II(ts) 20ºC-26ºC was observed for all blastomeres at the four-cell stage. For 
myosin-II(ts);par-6(RNAi) only 19ºC, 21ºC, and 22ºC temperatures were filmed. For 
formin(ts) and formin(ts);par-6(RNAi) 19ºC-26ºC (with the exception of no cells at 24ºC) 
were observed. formin(ts);par-2(RNAi) was imaged at 19ºC, 20ºC, 23ºC and 26ºC.  
PAR-5 (M117.2.2) RNAi: pJC 132 F: gcgcgactagtaaaatgtccgataccgtgga 
R: gcgcgactagtagaaaaatggaagatggggg 
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Chapter 3. CYK-4 regulates Rac, but not Rho, during cytokinesis 
Most of this chapter has been published in 
Yelena Zhuravlev, Sophia M. Hirsch, Shawn N. Jordan, Julien Dumont, Mimi Shirasu-Hiza, 
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Abstract 
Cytokinesis is driven by constriction of an actomyosin contractile ring that is 
controlled by Rho family small GTPases. Rho, activated by the Guanine-nucleotide Exchange 
Factor (GEF) ECT-2, is upstream of both myosin-II activation and diaphanous formin-
mediated filamentous actin (f-actin) assembly, which drive ring constriction. The role for Rac 
and its regulators is more controversial but, based on the finding that Rac inactivation can 
rescue cytokinesis failure when the GTPase Activating Protein (GAP) CYK-4 is disrupted, 
Rac activity was proposed to be inhibitory to contractile ring constriction and thus specifically 
inactivated by CYK-4 at the division plane. An alternative model proposes that Rac 
inactivation generally rescues cytokinesis failure by reducing cortical tension, thus making it 
easier for the cell to divide when ring constriction is compromised. In this alternative 
model, CYK-4 was instead proposed to activate Rho by binding ECT-2. Using a combination 
of time-lapse in vivo single-cell analysis and C. elegans genetics, our evidence does not 
support this alternative model. First, we found that Rac disruption does not generally rescue 
cytokinesis failure: inhibition of Rac specifically rescues cytokinesis failure due to disruption 
of CYK-4 or ECT-2 but does not rescue cytokinesis failure due to disruption of two other 
contractile ring components, the Rho effectors diaphanous formin or myosin-II. Second, 
if CYK-4 regulates cytokinesis through Rho rather than Rac, then CYK-4 inhibition should 
decrease levels of downstream targets of Rho. Inconsistent with this, we found no change in 
the levels of f-actin or myosin-II at the division plane when CYK-4 GAP activity was 
reduced, suggesting that CYK-4 is not upstream of ECT-2/Rho activation. Instead, we found 
that the rescue of cytokinesis in CYK-4 mutants by Rac inactivation was Cdc42-dependent. 
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Together our data suggest that CYK-4 GAP activity opposes Rac (and perhaps Cdc42) during 
cytokinesis. 
 
Introduction    
Rho family small GTPases (Rho, Rac, and Cdc42) function as molecular switches: 
when GDP-bound, they are inactive and when GTP-bound, they interact with cytoskeletal 
effectors to choreograph the cell shape changes required for complex cellular events such as 
cell motility, phagocytosis, and cytokinesis (Hall, 2012; Jordan and Canman, 2012; Mao and 
Finnemann, 2015; Ridley, 2015).  Cytokinesis, the physical division of one cell into two, is 
driven by constriction of an actomyosin contractile ring, directed to form at the division plane 
after anaphase onset via Rho family GTPase signaling.  In most animal cells, assembly and 
constriction of the actomyosin contractile ring is downstream of Rho (Bement et al., 2005; 
Kamijo et al., 2006; O'Connell et al., 1999), which is activated at the division plane by the 
Guanine-nucleotide Exchange Factor (GEF) ECT-2 (epithelial cell transforming-2), a human 
oncogene (D'Avino et al., 2015; Kamijo et al., 2006; Kimura et al., 2000; Tatsumoto et al., 
1999).  Once activated, Rho promotes both filamentous actin (f-actin) nucleation by a 
diaphanous-family formin (CYK-1 in C. elegans, hereafter formin) and non-muscle myosin-II 
motor activation (NMY-2 in C. elegans, hereafter myosin-II), which drive contractile ring 
assembly and power ring constriction (for review see (D'Avino et al., 2015; Green et al., 
2012; Pollard, 2010)).  Rho activation during cytokinesis is opposed by the GTPase 
Activating Protein (GAP) MP-GAP (RGA-3/4 in C. elegans), which promotes Rho’s 
hydrolysis of GTP to GDP (Zanin et al., 2013).   
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The role(s) for the Rho family GTPase Rac and the Rac GAP CYK-4 during 
cytokinesis is still under debate.  CYK-4 (HsCYK4/MgcRacGAP in humans, RacGAP50c in 
flies, hereafter CYK-4) is essential for cytokinesis in nearly all cell types (Goldstein et al., 
2005; Hirose et al., 2001; Jantsch-Plunger et al., 2000), forms a complex called 
Centralspindlin with the kinesin MKLP-1/ZEN-4 (Mishima et al., 2002; Pavicic-
Kaltenbrunner et al., 2007), and has been proposed to both inhibit Rac activation and promote 
Rho activation at the division plane via its GAP domain (Bastos et al., 2012; Canman et al., 
2008; Cannet et al., 2014; D'Avino et al., 2004; Jantsch-Plunger et al., 2000; Loria et al., 
2012; Miller and Bement, 2009; Zhang and Glotzer, 2015).  In vitro, CYK-4 inactivates Rac 
and Cdc42 by promoting GTP hydrolysis, but has little effect on the activity of Rho (Bastos et 
al., 2012; Jantsch-Plunger et al., 2000; Toure et al., 1998).  In vivo, CYK-4 has been proposed 
to inhibit Rac activity (Bastos et al., 2012; Canman et al., 2008; Cannet et al., 2014; D'Avino 
et al., 2004; Yoshizaki et al., 2004), promote Rho-GTP turnover (or flux) (Miller and Bement, 
2009), and promote the activation of Rho by stimulating the GEF activity of ECT-2 during 
cytokinesis (Loria et al., 2012; Tse et al., 2012; Zhang and Glotzer, 2015; Zhao and Fang, 
2005b).  Thus, currently, there is no consensus view on the mechanisms by which CYK-4 
and/or Rac activity regulate cytokinesis. 
To support the model in which CYK-4 negatively regulates Rac during cytokinesis, in 
worms, flies, and cultured human cells, mutational disruption of the CYK-4 GAP domain 
leads to cytokinesis failure that can be rescued by reducing Rac activity (Bastos et al., 2012; 
Canman et al., 2008; Cannet et al., 2014; D'Avino et al., 2004).  Cytokinesis failure in CYK-4 
GAP-domain mutants can also be rescued by depletion of the Arp2/3 complex, a Rac effector 
and branched f-actin nucleator in worms and cultured mammalian cells (Canman et al., 2008; 
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Cannet et al., 2014).  Moreover, in cultured mammalian cells, cytokinesis failure caused by 
CYK-4 GAP disruption can be rescued by depleting Rac effectors that promote cell substrate 
attachment such as PAK1 and ARHGEF7 (Bastos et al., 2012) and the upstream Rac GEF 
Trio (Cannet et al., 2014).  Thus, CYK-4 GAP-mediated inactivation of Rac at the division 
plane has been proposed to function in parallel to Rho activation to allow contractile ring 
constriction and promote efficient cytokinesis. 
In contrast, CYK-4 has also been proposed to function during cytokinesis through the 
promotion of Rho activation by facilitating GTP-turnover (flux) or by activating the Rho GEF 
ECT-2 (Loria et al., 2012; Miller and Bement, 2009; Tse et al., 2012; Zhang and Glotzer, 
2015; Zhao and Fang, 2005b).  Although in vitro CYK-4 is not effective at promoting the 
GTP-turnover of Rho (Bastos et al., 2012; Jantsch-Plunger et al., 2000; Toure et al., 1998), in 
vivo mutations in the GAP domain have a strong effect on the width and stability of the zone 
of active GTP-bound Rho at the division plane in Xenopus embryos (Miller and Bement, 
2009).  This could be due to a direct effect on Rho activation, or an indirect effect by 
modulating other Rho family members that compete for effectors and upstream regulators 
such as GAPs, GEFs, and GDIs (e.g. (Boulter et al., 2010; Garcia-Mata et al., 2011; 
Machacek et al., 2009; Tatsumoto et al., 1999)).  CYK-4 has also been proposed to promote 
Rho activation by stimulating the Rho GEF ECT-2 (Zhang and Glotzer, 2015; Zhao and Fang, 
2005b).  This hypothesis was based on the findings that CYK-4/MgcRacGAP can bind ECT-2 
(Burkard et al., 2009; Somers and Saint, 2003; Wolfe et al., 2009; Yuce et al., 2005; Zhang 
and Glotzer, 2015) and that mutational disruption of the CYK-4 GAP domain can be 
suppressed by hyperactivating mutations in the ECT-2 GEF domain (Zhang and Glotzer, 
2015).  The same group also reported that CYK-4 disruption prevents the enrichment of f-
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actin and myosin-II at the division plane, which would be expected if CYK-4 activates ECT-2 
and thus Rho activity during cytokinesis (Loria et al., 2012).  However, other studies could 
not confirm that CYK-4 GAP disruption leads to decreased levels of myosin-II at the division 
plane (Canman et al., 2008; Zhang and Glotzer, 2015).  Moreover, in vitro analysis found no 
change in ECT-2 GEF activity towards Rho in the presence or absence of CYK-4 (Zhang and 
Glotzer, 2015), although this negative result cannot rule out that additional factors may be 
needed.  Thus, while CYK-4 has been proposed to play an essential role in ECT-2 and Rho 
activation, much of the evidence for this model is indirect.   
Furthermore, in models that support a role for CYK-4 in Rho activation via ECT-2 
(Loria et al., 2012; Zhang and Glotzer, 2015), the finding that cytokinesis failure resulting 
from CYK-4 GAP disruption can be rescued by Rac inactivation is attributed to a general or 
“bypass” role for Rac (Loria et al., 2012) in regulating cortical tension and opposing 
contractile ring constriction, as was found in Dictyostelium (Zhang and Robinson, 2005).  
Support for this model relies on the finding that reducing Rac activity could also rescue 
cytokinesis failure in a hypomorphic ect-2(ts) mutant background (Loria et al., 2012).  Yet, in 
vitro ECT-2 GEF activity can activate both Rho and Rac (Tatsumoto et al., 1999); thus, Rac 
depletion might rescue cytokinesis when ECT-2 activity is weakened by simply reducing 
competition with Rho for the GEF domain.  Moreover, Rac disruption does not rescue 
cytokinesis failure when Aurora B kinase activity is compromised, which also regulates 
contractile ring constriction in a pathway parallel to CYK-4 during cytokinesis (Lewellyn et 
al., 2011).  Thus, a general role for Rac in opposing contractile ring constriction in animal 
cells is not well supported. 
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The role for Cdc42 in animal cell cytokinesis is also controversial.  Cdc42 is essential 
for polar body emission during meiotic cytokinesis in frog and murine embryos (Ma et al., 
2006; Wang et al., 2013; Zhang et al., 2008).  However, disruption of Cdc42 does not block 
mitotic cytokinesis in most metazoan systems (Gotta et al., 2001; Jordan et al., 2016; Zhu et 
al., 2011b).  Injection of constitutively active or dominant negative forms of Cdc42 at very 
high levels (µM range) can disrupt mitotic cytokinesis in frog embryos (Drechsel et al., 1997), 
and expression of constitutively active Cdc42 in dividing mammalian cultured cells leads to 
the assembly of a broader contractile ring but does not block cytokinesis (Zhu et al., 2011b).  
In asymmetrically dividing C. elegans embryos, Cdc42 regulates cell polarity and is required 
for robust contractile ring f-actin assembly, and its depletion leads to synthetic cytokinesis 
failure in embryos from a temperature-sensitive diaphanous-related formin mutant (Jordan et 
al., 2016).  Hence, Cdc42 likely participates in animal cell cytokinesis but is not an essential 
player. 
Here we examine the roles of Rac and the GAP CYK-4 in cytokinesis in the early C. 
elegans embryo.  We found that, as was shown previously, Rac inactivation rescued 
cytokinesis failure in a CYK-4 GAP mutant and to a lesser extent in a hypomorphic ECT-2 
mutant.  Rac disruption did not rescue the rate of contractile ring constriction in CYK-4 or 
ECT-2 mutants, and we found Rac disruption-mediated rescue of cytokinesis failure in CYK-
4 mutants was dependent on Cdc42.  We did not find evidence that Rac activity generally 
opposes contractile ring constriction, as Rac inactivation did not rescue the rate of cytokinesis 
failure in embryos with mutations in the Rho effectors diaphanous formin or the motor 
myosin-II.  Furthermore, we found that disrupting CYK-4 activity did not lead to a reduction 
in the total levels of contractile ring f-actin or myosin-II at the division plane, indicating that 
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CYK-4 is unlikely to act upstream of ECT-2-mediated activation of Rho.  Instead we propose 
that, at least in the early C. elegans embryo, ECT-2 activity may promote Rac activation, and 
thus in part negatively regulate cytokinesis.  Together, our data supports a model in which 
CYK-4 functions to inhibit Rac activity (and potentially Cdc42) and does not participate 
directly in Rho activation; our data also do not suggest a non-specific or bypass role for Rac 
in opposing contractile ring constriction.  
 
Results 
We first sought to confirm that cytokinesis failure due to mutational disruption of the 
CYK-4 GAP domain could be rescued by reducing Rac activity.  To do this, we performed 
time-lapse image analysis of cytokinesis in the 1-cell C. elegans embryo, with and without 
Rac disruption, in a temperature-sensitive CYK-4 GAP-domain mutant (E448K) background 
(Canman et al., 2008), hereafter cyk-4(ts).  Imaging was done at the semi-restrictive 
temperature (24ºC) where contractile ring ingression progresses further in cyk-4(ts) mutant 
embryos than at fully restrictive temperature, but cytokinesis fails 100% of the time in the 
cyk-4(ts) mutant alone (Figure 15A and B).  Rac activity was disrupted in two ways: 1) with 
feeding RNAi and 2) with a loss-of-function (lof) Rac/CED-10 GTPase mutant (G60R; ced-
10(n3246), hereafter Rac(G60R) (Cabello et al., 2014; Reddien and Horvitz, 2000; Sun et al., 
2012)) that, based on an identical G60R mutation in the closely related KRas, renders the 
small GTPase stuck in the GTP-bound state but unable to interact with effectors, GAPs, or 
GEFs (Gremer et al., 2011).  As expected, 100% of control, control(RNAi), Rac(RNAi), and 
Rac(G60R) single mutant embryos successfully completed cytokinesis (16/16, 10/10, 12/12, 
and 12/12 embryos divide respectively), whereas 100% of cyk-4(ts) and cyk-4(ts); 
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control(RNAi) embryos failed in cytokinesis at this temperature (0/12 and 0/12 embryos 
divide respectively; Figure 15A and B).  In contrast, cytokinesis was significantly rescued 
(Fisher’s and Barnard’s exact tests, p-values in Table S 5) in cyk-4(ts);Rac(RNAi) and cyk-
4(ts);Rac(G60R) double mutant embryos (8/10 embryos divide for both genotypes; Figure 
15A and B).  To test if this rescue is conserved in other cell divisions, we also investigated if 
Rac disruption could rescue cytokinesis failure in the AB and P1 blastomeres of 2-cell cyk-
4(ts) embryos (Figure S 4C).  We found that both AB and P1 blastomeres fail cytokinesis in 
cyk-4(ts) 2-cell embryos at a lower rate than in 1-cell embryos (4/19 AB cells and 12/20 of P1 
cells divide at semi-restrictive temperature, 25.5ºC in this case) (Figure S 4C).  Nonetheless, 
cytokinesis failure was significantly rescued (Fisher’s and Barnard’s exact tests, p-values in 
Table S 5) in both blastomeres of cyk-4(ts); Rac(G60R) double mutant 2-cell embryos (12/14 
AB cells and 16/16 P1 cells divide successfully) (Figure S 4C).  Thus, Rac inhibition rescues 
cytokinesis failure due to mutational disruption of the CYK-4 GAP-domain in both 1-cell and 
2-cell C. elegans embryos.  This result supports a model in which CYK-4 GAP activity 
inhibits Rac activation during cytokinesis, but does not rule out the possibility that Rac is a 
general inhibitor of contractile ring constriction (Figure 15D).  
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Figure 15: Rac disruption rescues cytokinesis failure in a CYK-4 GAP mutant  
 
A) Kinetic analysis of contractile ring constriction in control and cyk-4(ts) mutant 1-cell 
embryos at semi-restrictive temperature (24ºC) with and without Rac(lof/G60R) (left) and 
Rac(RNAi) (Calvert et al.).  Graphs show the mean ring diameter over time, with all replicates 
for the cyk-4(ts);Rac(G60R or RNAi) shown in the background in a more transparent shade of 
the same orange.  Error bars represent the SEM.  B) Cytokinesis failure and success rates for 
different genotypes in (A).  The number of embryos per genotype is indicated on each 
individual bar; p-values were obtained by both Fisher’s and Barnard’s exact tests (Table S 5).  
C) Average peak rate of contractile ring constriction, plotted as the change in diameter 
(µm/sec; see Methods section on image analysis).  Error bars represent the SD; p-values were 
obtained by an unpaired, two-tailed student’s t-test (Table S 5).  D) Current genetic models 
for the function of CYK-4 and Rac during cytokinesis. 
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We next sought to determine if Rac disruption can also rescue the slowed rate of 
contractile ring constriction observed in 1-cell cyk-4(ts) embryos.  Rac disruption by RNAi or 
the G60R mutation either did not significantly change or only mildly increased the rate of 
contractile ring constriction in both control and cyk-4(ts) embryos (Figure 15C; unpaired 
student’s t-test, p-values in Table S 5).  Thus, Rac disruption rescues the extent of contractile 
ring constriction but overall does not significantly rescue the rate of ring constriction in cyk-
4(ts) mutants (Table S 5 ; see also (Loria et al., 2012)).  This result suggests that CYK-4 
(and/or Rac) could play an independent role in regulating the rate of ring constriction, 
potentially by further activating ECT-2 (and thus Rho) at the division plane as has been 
proposed in this system (Figure 15D) (Tse et al., 2012; Zhang and Glotzer, 2015).  This result 
could also support a model in which Rac disruption rescues cytokinesis in cyk-4(ts) mutant 
embryos via a non-specific or “bypass” pathway (e.g. (Loria et al., 2012; Zhang and Glotzer, 
2015)).  
The main argument proposed against Rac as a specific target of CYK-4 is two-fold:  
first, that Rac is a general inhibitor of ring constriction and its depletion might non-
specifically rescue cytokinesis failure; and second, that CYK-4's true target is ECT-2.  In the 
first part of the argument, Rac disruption has been proposed to allow successful cytokinesis in 
cyk-4(ts) embryos via a “bypass” mechanism that generally reduces cortical tension  and 
makes it easier to complete cytokinesis when the contractile ring is weakened (Loria et al., 
2012) (Figure 15D).  We set out to resolve if Rac disruption can generally rescue cytokinesis 
failure when ring constriction is weakened, by combining Rac(RNAi) or Rac(lof) with other 
mutants in the ECT-2/Rho pathway that would also compromise the integrity of the 
contractile ring.  If disrupting Rac generally facilitates contractile ring constriction, then 
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Rac(lof) should rescue cytokinesis failure when downstream targets of ECT-2/Rho are 
disrupted to weaken the contractile ring.  Thus, we next tested if Rac disruption could rescue 
cytokinesis failure in a fast-acting ts mutant that affects the C. elegans diaphanous-related 
formin actin-nucleator CYK-1 (hereafter formin(ts)), which is required to nucleate f-actin in 
the contractile ring and is activated downstream of Rho (Davies et al., 2014; Jordan and 
Canman, 2012; Jordan et al., 2016) (Figure 15D).  For this experiment, formin(ts) 1-cell 
embryos were imaged at the semi-restrictive temperature (23.5ºC), at which formin(ts) 
mutants alone can undergo partial contractile ring constriction but fail in cytokinesis 100% of 
the time (0/11 embryos divide; Figure 16A and C) (Jordan et al., 2016).  Importantly, at this 
semi-restrictive temperature, cytokinesis failure in formin(ts) embryos can be fully rescued by 
depletion of other negative regulators of contractile ring constriction (e.g. septin (Jordan et al., 
2016)).  We found that at this temperature, formin(ts); Rac(G60R) mutants still failed in 
cytokinesis 100% of the time (0/10 embryos divide) and underwent even less contractile ring 
constriction than in the formin(ts) mutant alone (Figure 16A and C).  This result suggests that 
disrupting Rac activity does not significantly rescue cytokinesis failure in formin(ts) mutant 
embryos (Fisher’s and Barnard’s exact tests, p-values in Table S 5).  We next examined 
whether Rac disruption could enhance the rate of cytokinesis failure in formin(ts) mutant 
embryos at the semi-permissive temperature (18.5ºC), at which all formin(ts) mutant embryos 
successfully complete cytokinesis (13/13 embryos divide; Figure 16B and D) (Jordan et al., 
2016).  At semi-permissive temperature, formin(ts); Rac(G60R) embryos exhibited mild 
cytokinesis failure (10/12 embryos divide; Figure 16B and D), though this was not 
statistically significant (Fisher’s and Barnard’s exact tests, p-values in Table S 5).  The rate of 
contractile ring constriction was significantly slower in formin(ts) mutant embryos than in 
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control embryos at both semi-restrictive and semi-permissive temperatures, but this rate was 
not affected by the Rac(G60R) mutation (Figure 16E and F; unpaired student’s test, Table S 
5).  Thus, perturbing Rac activity does not rescue cytokinesis failure when the contractile ring 
is weakened by reduced formin/CYK-1 activity. 
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Figure 16: Rac disruption does not rescue cytokinesis failure in formin(ts) embryos 
 
A, B) Kinetic analysis of contractile ring constriction in control and formin(ts) mutant 1-cell 
embryos with and without Rac(G60R), dividing at semi-restrictive (23.5ºC) (A) and semi-
permissive (18.5ºC) (B) temperature.  Graphs show the mean ring diameter over time, with all 
replicates for the formin(ts);Rac(G60R) double mutant in a more transparent shade of the 
same dark blue.  Error bars represent the SEM.  The aqua arrow in (A) shows the more 
persistent attempt at contractile ring constriction seen in formin(ts) single mutant embryos but 
not in formin(ts);Rac(G60R) double mutant embryos.  AO=anaphase onset. C, D) Cytokinesis 
failure and success rates for different genotypes at semi-restrictive (C) and semi-permissive 
(D) temperature.  The number of embryos per genotype is indicated on each individual bar; p-
values were obtained by both Fisher’s and Barnard’s exact tests (Table S 5).  E, F) Average 
peak rate of contractile ring constriction, plotted as the change in diameter (µm/sec) when the 
rate of ingression peaks from ~90-50% ring constriction (or the point of maximum contractile 
ring constriction when embryos did not constrict to 50% of the initial cell diameter) at semi-
restrictive (E) and semi-permissive (F) temperature.  Error bars represent the SD; p-values 
were obtained by an unpaired, two-tailed student’s t-test (Table S 5).  n.s.=p≥0.05; 
****=p<0.0001.  
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We next tested if Rac disruption could rescue cytokinesis failure when the actin-based 
motor non-muscle myosin-II (NMY-2) is weakened, which drives contractile ring constriction 
downstream of Rho (Figure 15D).  For this experiment, we used a fast-acting myosin-II(ts) 
allele (Davies et al., 2014; Liu et al., 2010) and imaged at the semi-restrictive temperature 
(25.5ºC), at which myosin-II(ts) single mutant 1-cell embryos can undergo some contractile 
ring constriction but fail in cytokinesis 100% of the time (0/13 embryos divide; Figure 17A 
and C) (Jordan et al., 2016).  Using the Rac(G60R) mutation, we found that at this 
temperature all myosin-II(ts);Rac(G60R) embryos fail in cytokinesis (0/10 embryos divide), 
and undergo reduced contractile ring constriction relative to the myosin-II(ts) mutants alone 
Figure 17A and C).  This result suggests that disrupting Rac activity does not significantly 
change the rate of cytokinesis failure in myosin-II(ts) mutant embryos (Fisher’s and Barnard’s 
exact tests, p-values in Table S 5).  We next examined the effect of Rac disruption on myosin-
II(ts) mutant embryos at the semi-permissive temperature (22.5ºC), where the myosin-II(ts) 
mutant embryos undergo contractile ring constriction more slowly, but cytokinesis is always 
successful (13/13 embryos divide; Figure 17B and D) (Jordan et al., 2016).  At semi-
permissive temperature, most myosin-II(ts);Rac(G60R) embryos complete cytokinesis (9/10 
embryos divide; Figure 17B and D).  We also found that the rate of contractile ring 
constriction was significantly slower in myosin-II(ts) mutant embryos than in control embryos 
at both semi-restrictive and semi-permissive temperatures, and this constriction rate was not 
affected by the Rac(G60R) mutation (Figure 17E and F; unpaired student’s test, Table S 5).  
Thus, perturbing Rac activity does not significantly rescue cytokinesis failure or the rate of 
contractile ring constriction when myosin-II activity is weakened (Table S 5).  Together with 
a lack of rescue upon Rac disruption when formin (Figure 16) or Aurora B (Lewellyn et al., 
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2011) activity is weakened, these data suggest that Rac disruption is not a simple bypass 
mechanism that facilitates completion of contractile ring constriction. Instead, our and others' 
genetic results suggest that Rac disruption specifically suppresses cytokinesis failure when 
CYK-4 (or ECT-2) is reduced (Bastos et al., 2012; Canman et al., 2008; Cannet et al., 2014; 
D'Avino et al., 2004; Loria et al., 2012).  
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Figure 17: Rac disruption does not rescue cytokinesis failure in myosin-II(ts) embryos 
 
A, B) Kinetic analysis of contractile ring constriction in control and myosin-II(ts) mutant 1-
cell embryos with and without Rac(G60R), dividing at semi-restrictive (25.5ºC) (A) and semi-
permissive (22.5ºC) (B) temperature. Graphs show the mean ring diameter over time, with all 
replicates for the myosin-II(ts);Rac(G60R) double mutant in a more transparent shade of 
forest green. Error bars represent the SEM.  C, D) Cytokinesis failure and success rates for 
different genotypes at semi-restrictive (C) and semi-permissive (D) temperature.  The number 
of embryos per genotype is indicated on each individual bar; p-values were obtained by both 
Fisher’s and Barnard’s exact tests (Table S 5).  E, F) Average peak rate of contractile ring 
constriction, plotted as the change in diameter (µm/sec) at semi-restrictive (E) and semi-
permissive (F) temperature. Error bars represent the SD; p-values were obtained by an 
unpaired, two-tailed student’s t-test (Table S 5).  AO=anaphase onset.  n.s.=p≥0.05; 
*=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001.  
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To support the hypothesis that Rac disruption rescues cytokinesis failure via a non-
specific mechanism, it was reported that Rac inhibition was also able to rescue cytokinesis 
failure of a slow-acting ect-2 allele (ax751ts) (hereafter ect-2(ts)) (Loria et al., 2012); we next 
sought to confirm this result.  Loria and colleagues reported that ect-2(ts) mutant 1-cell 
embryos fail in cytokinesis at a high frequency (~97%) following a prolonged (8+ hours) 
upshift to restrictive temperature and that this cytokinesis failure rate was reduced to ~35% in 
ect-2(ts);Rac(V190G) double mutant embryos (Loria et al., 2012). This hypomorphic ect-2(ts) 
mutation is not a fast-acting ts allele and results from a single residue substitution in the PH 
domain of ECT-2 (Zonies et al., 2010).  Moreover, embryos from this ect(ts) allele were first 
published to have a low frequency of cytokinesis failure after prolonged upshift to restrictive 
temperature, although the precise cytokinesis failure rate frequency was not reported (Zonies 
et al., 2010).  We determined the rate of cytokinesis failure in this ect-2(ts) mutant 
background by monitoring the success or failure of cytokinesis in 1-cell embryos following 
prolonged upshifts (12+ hours) of ect-2(ts) mutants to the restrictive temperature (26ºC).  In 
our hands, 1-cell embryos from this ect-2(ts) mutant failed in cytokinesis at a rate of only 38% 
(8/13 embryos divide; Figure 18A and C).  ect-2(ts) mutant embryos that failed in cytokinesis 
exhibited a significantly slower rate of contractile ring constriction than ect-2(ts) mutant 
embryos that successfully completed cytokinesis, but the overall rate of contractile ring 
constriction in ect-2(ts) mutants was unchanged by Rac(RNAi) (Figure 18B; unpaired 
student’s t-test, Table S 5).  While the rate of cytokinesis failure in ect-2(ts) mutant embryos 
was low, in agreement with the results of (Zonies et al., 2010), we confirmed that cytokinesis 
failure could be partially suppressed by Rac disruption (Loria et al., 2012), as ect-
2(ts);Rac(RNAi) embryos failed in cytokinesis at a rate of 17% (10/12 embryos divide; Figure 
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18A and C).  Based on either a Fisher’s exact test or a Barnard’s exact test, this rescue was 
not statistically significant (p-values in Table S 5).  We also investigated whether Rac 
disruption could rescue cytokinesis failure in the AB and P1 blastomeres of 2-cell ect-2(ts) 
embryos with and without Rac depletion (Figure 18E).  We found that 100% of both AB and 
P1 blastomeres successfully completed cytokinesis in ect-2(ts);control(RNAi) and 
ect(ts);Rac(RNAi) embryos, even after a 12-hour upshift to restrictive temperature (12/12 of 
both AB and P1 cells divide in ect-2(ts);control(RNAi) embryos; 14/14 AB cells and 16/16 P1 
cells divide in ect-2(ts);Rac(RNAi) 2-cell embryos, respectively; Figure 18E).  The lack of 
cytokinesis failure in 2-cell ect-2(ts) embryos is likely due to the hypomorphic nature of this 
allele (Zonies et al., 2010), although we cannot rule out the possibility that ECT-2 may play 
less of a role during cytokinesis in 2-cell embryos than it does in 1-cell embryos.  Thus, our 
data suggests that depletion of Rac by RNAi can partially rescue cytokinesis failure in 1-cell 
embryos from ect-2(ts) mutants, though this rescue is not statistically significant (Table S 5).  
Because we saw a lower rate of cytokinesis failure in the ect-2(ts) mutant and a lower 
rate of rescue following Rac disruption by RNAi than observed by Loria and colleagues, we 
obtained the strains used by these researchers to test if there could be strain variation between 
two labs.  We found that their ect-2(ts) mutants still failed in cytokinesis at a lower rate in our 
hands when upshifted to restrictive temperature for at least 12 hours (48% or 25/48 embryos 
divide here vs ~97% in Loria et al.; Figure 18D), again more similar to the low cytokinesis 
failure rate of this mutant strain originally reported by Zonies and colleagues (Zonies et al., 
2010).  We also confirmed that the rate of cytokinesis failure was partially rescued in ect-
2(ts);Rac(V190G) double mutants (14/19 embryos divide; Figure 18D).  Similar to ect-2(ts) 1-
cell embryos, this rescue in ect-2(ts) 2-cell embryos was not statistically significant (Fisher’s 
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and Barnard’s exact tests, p-values in Table S 5).  Rac(V190G) is a mild loss-of-function 
allele (n1993) that affects the CAAX box and thus likely affects Rac association with the 
plasma membrane (Kinsella et al., 1991; Reddien and Horvitz, 2000; Roberts et al., 2008; 
Shakir et al., 2006; Steffen et al., 2013).  Although we do not observe the same high rate of 
cytokinesis failure in the ect-2(ts) mutant after prolonged upshifts to restrictive temperature as 
reported (Loria et al., 2012), possibly due to environmental effects, we observed a similar 
rescue of cytokinesis failure rates in ect-2(ts);Rac(RNAi) and ect-2(ts);Rac(V190G) embryos.  
Thus, reducing Rac activity can partially rescue cytokinesis failure when ECT-2 activity is 
compromised, although to a lesser extent than in cyk-4(ts) mutants (e.g. Figure 15 and 
(Canman et al., 2008; Loria et al., 2012) and not to statistically significant levels (Table S 5).   
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Figure 18: Rac disruption partially rescues cytokinesis failure in ect-2(ts) embryos 
 
A) Kinetic analysis of contractile ring constriction in control and ect-2(ts) mutant 1-cell 
embryos at restrictive temperature (26ºC) with and without Rac(RNAi).  Graph shows the 
mean ring diameter over time, with all replicates for the ect-2(ts);Rac(RNAi) double mutant in 
a more transparent shade of deep purple.  Error bars represent the SEM.  AO=anaphase onset.  
B) Average rate of peak contractile ring constriction, plotted as the change in diameter 
(µm/sec) for embryos in (A).  C=cytokinesis completes; F=cytokinesis fails.  The white dots 
with a purple outline represent the ect-2(ts);Rac(RNAi) embryos that failed in cytokinesis.  
Error bars represent the SD; p-values were obtained by an unpaired, two-tailed student’s t-test 
(Table S 5).  C) Cytokinesis failure and success rates for the embryos represented in (A).  D) 
Cytokinesis failure and success rates for 1-cell embryos from ect-2(ts) mutant strains obtained 
from the authors of Loria et al. (2012).  (C, D) The number of embryos per genotype is 
indicated on each individual bar; p-values were obtained by both Fisher’s and Barnard’s exact 
tests (Table S 5).  E) Schematic of the C. elegans 2-cell embryo and graphs showing 
cytokinesis failure and success rates in the AB and P1 cell divisions for ect-2(ts) mutant 
embryos with or without Rac(RNAi).  n.s.=p≥0.05; *=p<0.05; **=p<0.01; ***=p<0.001; 
****=p<0.0001. 
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The second part of the argument against Rac as a specific target of CYK-4 is that the 
main target of CYK-4 is ECT-2, which then activates Rho.  This is largely based on the 
findings that 1) CYK-4 and ECT-2 from various species can interact in biochemical assays 
(Burkard et al., 2009; Kim et al., 2014; Somers and Saint, 2003; Wolfe et al., 2009; Yuce et 
al., 2005; Zhang and Glotzer, 2015; Zou et al., 2014), and 2) a C. elegans gain-of-function 
ECT-2 mutation can rescue cytokinesis failure caused by a loss-of-function CYK-4 GAP 
mutation (Figure 15D) (Zhang and Glotzer, 2015).  If CYK-4 is upstream of ECT-2, then 
reducing CYK-4 activity should lead to a reduction in ECT-2-mediated Rho activation and 
Rho effector accumulation at the division plane.  To test this, we quantified the levels of 
downstream Rho targets GFP::myosin-II (GFP::NMY-2; (Munro et al., 2004)) and a reporter 
for filamentous actin (f-actin), GFP::UtrophinABD (GFP::UtrABD) (Burkel et al., 2007; Tse et 
al., 2012) at the division plane during cytokinesis in 1-cell embryos at 150 seconds after 
anaphase onset.  At this time point, most control, but not cyk-4(ts), embryos have formed a 
double membrane at the furrow tip or initiated “furrow involution” (Lewellyn et al., 2010) 
(Figure S 4A and B), as contractile rings in cyk-4(ts) embryos are less constricted than 
controls (Figure 15A and C).   
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A) Time-lapse montage of the division plane region over time during cytokinesis in control 
and cyk-4(ts) mutant 1-cell embryos with and without Rac(RNAi). The plasma membrane is 
labeled with GFP::PH. B) Analysis of the time from anaphase onset to double membrane 
formation in embryos from the genotypes shown. All of the controls but only a few cyk-4(ts) 
mutant embryos have formed a double membrane at 150 sec post-AO due to the slower rate of 
contractile ring constriction in cyk-4(ts) mutants (e.g. Figure 15A and C). Error bars represent 
the SD; p-values were obtained by an unpaired, two-tailed t-test (Table S 5). C) Schematic of 
the 2-cell C. elegans embryo indicating the anterior AB and posterior P1 cells; and bar graph 
showing cytokinesis completion/failure rates of AB and P1 cells in cyk-4(ts) mutant 2-cell 
embryos with or without Rac(G60R) at restrictive temperature. The number of embryos per 
genotype is indicated on each individual bar; p-values were obtained by both Fisher’s and 
Barnard’s exact tests (Table S 5). AO=anaphase onset. n.s.=p>0.05; *=p<0.05; **=p<0.01; 


























































































































Figure S 4: cyk-4(ts) mutant embryos take longer to form a double membrane 
and fail in cytokinesis at the 2-cell stage via a Rac-dependent mechanism 
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We found no significant difference in the levels of GFP::myosin-II or GFP::UtrABD at 
the division plane in cyk-4(ts) mutants relative to control embryos during this early stage of 
contractile ring constriction (Figure 19A-C).  Although in cyk-4(ts) embryos contractile ring f-
actin appeared to be less tightly bundled, likely due to the reduced constriction rate in cyk-
4(ts) embryos relative to in controls (Figure 15A and C), the total levels of f-actin at the 
division plane did not significantly differ from those in controls (Figure 19B and D; Table S 
5).  Thus, the levels of f-actin and myosin-II, two downstream effectors of ECT-2 and Rho 
activation (Figure 15D and S2), are not significantly changed at the contractile ring upon 
functional disruption of CYK-4 GAP activity (unpaired student’s t-test; Table S 5).  This 
result suggests that CYK-4 is not upstream of ECT-2/Rho activation but does not exclude the 
possibility that ECT-2 is upstream of another function of CYK-4, such as modulation of Rac 
activity, or that CYK-4 may regulate another small GTPase (e.g. Cdc42).    
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Figure 19: Downstream targets of Rho, f-actin and myosin-II, are not reduced at the 
division plane in cyk-4(ts) mutants 
 
A) Schematic of how quantitative image analysis was performed for (B) and (C). B, C) 
Quantification of contractile ring levels of (B) f-actin (GFP::UtrABD) and (C) myosin-II 
(NMY-2::GFP) at 150 sec post-AO at semi-restrictive temperature (24ºC).  Error bars 
represent the SD; p-values were obtained by an unpaired, two-tailed student’s t-test (Table S 
5).  D) Representative sum projections of f-actin (GFP::UtrABD) and myosin-II (NMY-2::GFP) 
in control and cyk-4(ts) embryos at 150 sec post-AO. E) Representative higher Z-resolution 
maximum projections of f-actin and myosin-II at 150 sec post-AO. AO=Anaphase onset.  
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The above results, as well as the finding that we did not rescue the reduced rate of 
contractile ring constriction in cyk-4(ts) mutants by disrupting Rac activity (Figure 15C), 
could indicate a secondary positive role for CYK-4 or Rac during cytokinesis.  In support of a 
possible positive role for Rac in cytokinesis, we saw a slight (though non-significant) 
enhancement of cytokinesis failure following depletion of Rac in both formin(ts) and myosin-
II(ts) mutant embryos.  However, Rac depletion on its own did not lead to any delays or 
obvious defects in cytokinesis in most of our experiments (Figure 15- Figure 18).  In vitro, 
CYK-4 can also promote the GTP hydrolysis of Cdc42 (CDC-42 in C. elegans, hereafter 
Cdc42) (Bastos et al., 2012; Jantsch-Plunger et al., 2000; Toure et al., 1998).  Thus, it is 
possible that CYK-4 GAP activity may also regulate Cdc42 during cell division.  Depletion of 
Cdc42 by RNAi leads to a short but reproducible delay in the onset of contractile ring 
constriction (Jordan et al., 2016).  At this early stage of C. elegans development, Cdc42 plays 
an essential role in maintaining anterior-posterior polarity, which leads to asymmetric cell 
division and results in a larger anterior and smaller posterior blastomere (Aceto et al., 2006; 
Gotta et al., 2001; Kay and Hunter, 2001; Motegi and Sugimoto, 2006; Schonegg and Hyman, 
2006).  CYK-4 was also proposed to play a critical role in regulating cell polarity in the early 
embryo by functioning within the sperm to trigger polarity establishment upon fertilization 
(Jenkins et al., 2006).  However, we do not observe a dramatic increase in embryonic lethality 
or decrease in brood size when the sole sperm used for fertilization is homozygous for the 
cyk-4(ts) mutation, even at restrictive temperature, which would be expected if CYK-4 GAP 
activity plays this essential role in cell polarity (Figure 20A); unpaired student’s t-test, Table 
S 5).  Furthermore, we do not see a significant loss in the asymmetric position of the site of 
furrowing or daughter cell size in cyk-4(ts) single mutant embryos (Figure 20; unpaired 
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student’s t-test, Table S 5).  Thus, if CYK-4 regulates Cdc42 in this system, it is likely not a 
major player in anterior-posterior cell polarity. 
We recently identified a role for Cdc42 during cytokinesis in promoting the robustness 
of contractile ring constriction (Jordan et al., 2016).  One possibility is that CYK-4 regulates 
Cdc42 specifically during cytokinesis.  We tested whether disrupting Cdc42 by RNAi could 
further rescue the rate of cytokinesis failure in 1-cell cyk-4(ts);Rac(lof) double mutant 
embryos.  To ensure that we were able to obtain sufficient embryos from all genetic 
backgrounds, we used a partial Cdc42 depletion that reduced but did not eliminate cell 
polarity, as evidenced by the significant reduction in anterior to posterior daughter size 
asymmetry (Figure 20B; unpaired student’s t-test, Table S 5).  cdc42(RNAi) did not 
significantly change the success rate or constriction kinetics of cytokinesis in control, 
Rac(G60R), or cyk-4(ts) embryos and, as expected, cyk-4(ts);Rac(G60R);control(RNAi) 
embryos only failed in cytokinesis 30% of the time (12/15 embryos divide; Figure 20C and D; 
Table S 5).  In contrast, cyk-4(ts);Rac(G60R);Cdc42(RNAi) triple embryos failed in 
cytokinesis 100% of the time (0/11 embryos divide; Figure 20C and D).  Thus, Cdc42 
depletion significantly enhances the rate of cytokinesis failure relative to cyk-
4(ts);Rac(G60R);control(RNAi) embryos (Fisher’s and Barnard’s exact tests, Table S 5), 
indicating that the rescue of cytokinesis failure in cyk-4(ts) mutants following Rac disruption 
is dependent on Cdc42.  This is consistent with a role for CYK-4 in regulating Cdc42 during 
cytokinesis although, due to the known role of Cdc42 and the PAR polarity proteins in 
cytokinesis (Jordan et al., 2016) and lack of an effect of cdc42(RNAi) on cytokinesis in the 
cyk-4(ts) mutant, it is difficult to draw any firm conclusions (Figure 20C and D).  In 
summary, our data support a model in which the predominant role for CYK-4’s GAP activity 
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during cytokinesis is to downregulate Rac to allow for timely contractile ring constriction, at 
least in C. elegans 1- and 2-cell embryos (Figure S 5).   
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(A) Paternal requirement test for sperm-supplied CYK-4 GAP activity in ~24-30-hour brood 
size (left) and embryonic viability (Calvert et al.) when cyk-4(ts) males are mated with non-
sperm producing feminized fem-1(hc17ts) hermaphrodites at restrictive temperature (25ºC).  
The low embryonic lethality rate indicates sperm supplied CYK-4 GAP activity is not 
essential to establish and/or maintain cell polarity.  Error bars represent the SD; p-values were 
obtained by an unpaired, two-tailed student’s t-test (Table S 5).  B) Asymmetry of furrow 
position in 1-cell embryos (when cytokinesis fails) or of AB vs P1 daughter cell size (when 
cytokinesis completes) among different genotypes used in (D).  Error bars represent the SD; 
p-values were obtained by an unpaired, two-tailed student’s t-test (Table S 5).  C) Cytokinesis 
failure and success rates for different genotypes in (D).  The number of embryos per genotype 
is indicated on each individual bar; p-values were obtained by both Fisher’s and Barnard’s 
exact tests (Table S 5).  D) Kinetic analysis of contractile ring constriction in control, cyk-
4(ts), Rac(G60R), and cyk-4(ts);Rac(G60R) double mutant 1-cell embryos with and without 
Cdc42(RNAi) at semi-restrictive temperature (24ºC).  Embryos from each genotype are 
plotted on individual graphs to make it easier to see and traces for all individual embryos are 
shown.  Scale bar=10 µm.  n.s.=p>0.05; *=p<0.05; **=p<0.01; ***=p<0.001; 
****=p<0.0001.  
Figure 20: cyk-4(ts); Rac(G60R) fail in cytokinesis when Cdc42 is depleted 
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Discussion 
This work addressed the role of CYK-4 and the Rho family small GTPase Rac in 
cytokinesis.  Our results confirmed that, as was previously found, Rac inactivation partially 
rescued the rate of cytokinesis failure in a CYK-4 GAP mutant and a hypomorphic ECT-2 
mutant (Bastos et al., 2012; Canman et al., 2008; Cannet et al., 2014; Loria et al., 2012; Zhang 
and Glotzer, 2015).  However, we did not find evidence that Rac inhibition is a non-specific 
“bypass” mechanism that generally facilitates contractile ring constriction, as has been 
proposed by others (Loria et al., 2012).  While Rac disruption did not rescue the rate of 
contractile ring constriction in cyk-4(ts) mutants, suggestive of another role for CYK-4 (or 
Rac) in cytokinesis, we did not find a role for CYK-4 upstream of ECT-2-mediated activation 
of Rho.  We also did not find evidence that Rac activity changes the rate of or generally 
opposes contractile ring constriction; Rac inactivation did not rescue cytokinesis failure in 
strains with mutations in the Rho effectors diaphanous formin/CYK-1 or myosin-II/NMY-2.  
Furthermore, we found that disrupting CYK-4 GAP activity did not affect the levels of f-actin 
or myosin-II in the contractile ring, indicating that CYK-4 is unlikely to act upstream of ECT-
2-mediated activation of Rho.  Our data instead suggests that CYK-4 negatively regulates Rac 
(and potentially Cdc42) during cytokinesis (Figure S 5).  
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Revised genetic model for the molecular regulation of Rho family small GTPases during 
cytokinesis. Note: We cannot rule out a role for ECT-2 in regulating Rac and/or CYK-4 














Figure S2: Zhuravlev et al. (2017)
Model: CYK-4 inhibits Rac (and perhaps Cdc42); 























Figure S 5: Genetic model for Rho family GTPase signaling during cytokinesis 
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There are at least three possible explanations for the mild rescue of ECT-2-mediated 
cytokinesis failure by loss of Rac: 1) Rac is a general suppressor of cytokinesis when the 
contractile ring is weakened as was proposed (Loria et al., 2012; Zhang and Glotzer, 2015), 
although our data showing a lack of rescue resulting from Rac disruption in formin(ts) and 
myosin-II(ts) mutants argue against this model; 2) Rac and Rho are mutually inhibitory and/or 
compete for binding partners (e.g. RhoGDIs, GEFs, GAPs, or effectors) so that perturbing 
Rac activity promotes more Rho activity, as can occur in other cell contexts (e.g. (Boulter et 
al., 2010; Garcia-Mata et al., 2011; Machacek et al., 2009)); or 3) the GEF activity of ECT-2 
promotes Rac activation during cytokinesis either directly or via CYK-4 (Figure S 5), which 
is inhibitory to contractile ring constriction.  In vitro, ECT-2 was found in one study to be an 
even more potent GEF for Rac and Cdc42 than Rho (Tatsumoto et al., 1999); therefore, this is 
indeed a possibility.  This would explain why disruption of Rac activity can rescue 
cytokinesis failure in both cyk-4(ts) and to some extent in ect-2(ts) mutant embryos, but not 
formin(ts) or myosin-II(ts) embryos.  Thus, we propose that, in addition to its positive role in 
cytokinesis via Rho activation, ECT-2 (alone or through CYK-4) may function in a negative 
regulatory feedback loop to spatiotemporally control Rac activity and/or GTPase flux during 
cytokinesis (Figure S 5). 
Our results on Rho-effector levels in the contractile ring after CYK-4 disruption are in 
conflict with the results reported by Loria and colleagues (Loria et al., 2012), but in 
agreement with previous analyses of the effect of CYK-4/Centralspindlin disruption on 
myosin-II targeting to the contractile ring during ring constriction (Canman et al., 2008; 
Lewellyn et al., 2011), including myosin-II analysis presented in a more recent publication 
from the same lab that published the Loria et al. paper (Zhang and Glotzer, 2015).  One 
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possible difference between these studies is the method used to quantify fluorescence 
intensity in the contractile ring.  Loria and colleagues quantified the levels within a region of 
interest (Gilliane Maton) around the division plane from the maximum projected images of 5 
x 2.5 µm central Z-sections, applied a threshold with a minimal value of 1.25x the 
background intensity, and then integrated and normalized to the background (Loria et al., 
2012).  Here we quantified the signal in a ROI around the entire division plane from the sum 
projected images from 11 x 2.5 µm Z-sections, subtracted the sum projected background 
signal from an identical sized ROI, then normalized to the levels in control embryos (Figure 
19).  While our analysis reflects all of the GFP signal in the contractile ring, the arbitrary 
thresholding and maximum projections used in the other analysis would decrease detection of 
more diffuse cytoskeletal signal in the contractile ring.  In the case of cyk-4(ts) mutants, a 
more diffuse signal would be expected due to the reduced rate of contractile ring constriction 
(Figure 15C) and thus likely reduced rate of actomyosin bundling.  Furthermore, limiting 
analysis to only 5 x 2.5 µm central Z-sections during imaging (Loria et al., 2012) (vs 11 x 2.5 
µm here; C. elegans embryos are ~25-30 µm in diameter) would be more likely to miss 
regions of the equatorial cell cortex that contain peak levels of contractile ring proteins 
especially early in cytokinesis, as contractile ring constriction itself is asymmetric in this 
system and initiates from a single position along the equatorial cell cortex (Maddox et al., 
2007). 
We also found that rescue of cyk-4(ts) GAP-defective mutants by Rac depletion is 
Cdc42-dependent.  This could represent a role for CYK-4 in regulating Cdc42 activity during 
cell polarity maintenance and/or cytokinesis, or could represent general Rho family imbalance 
due to Cdc42-mediated competition for inhibitory Rho family effectors and/or regulators (e.g. 
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GDIs) (Boulter et al., 2010; Garcia-Mata et al., 2011; Machacek et al., 2009; Tatsumoto et al., 
1999).  Cdc42 hyper-activation was found to inhibit the formation of a focused band of f-actin 
in the contractile ring in HeLa cells (Zhu et al., 2011b), yet depletion of Cdc42 does not block 
contractile ring constriction in HeLa cells or in C. elegans embryos (Jordan et al., 2016; Zhu 
et al., 2011b).  In the early C. elegans embryo, Cdc42 plays an important role in maintaining 
anterior-posterior polarity (Gotta et al., 2001; Kay and Hunter, 2001) and we recently 
identified a role for Cdc42 (via a collaboration with the PAR polarity proteins) in promoting 
f-actin accumulation in the contractile ring (Jordan et al., 2016).  Thus, it is possible that 
CYK-4 may regulate this function of Cdc42 during polarity maintenance.  Sperm-supplied 
CYK-4 has also been implicated in regulating anterior-posterior (A-P) cell polarity in C. 
elegans embryos (Jenkins et al., 2006), but we see either no difference or only a mildly 
significant difference in embryonic lethality and no significant difference in brood size when 
homozygous cyk-4(ts) males were mated with genetically feminized worms (fem-1 mutant) at 
restrictive temperature, as would be expected if A-P polarity was grossly disrupted.  
Furthermore, in cyk-4(ts) single mutants, we do not see a change in two strong indicators of a 
polarity disruption: 1) asymmetric cleavage furrow position along the A-P axis and 2) 
daughter size asymmetry (Figure 20). We do, however, see a significantly more posteriorized 
furrow position in cyk-4(ts);Rac(lof) double mutants (Figure 20). This is a similar phenotype 
to that seen following depletion of the Cdc42 GAP CHIN-1 (CHimaerIN), known to be a 
regulator of Cdc42 during cell polarity maintenance in this system (Beatty et al., 2013; 
Kumfer et al., 2010).  Nevertheless, enhancement of cytokinesis failure alone cannot confirm 
a role for CYK-4 in Cdc42 regulation during contractile ring constriction.  Taken together, 
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our data support a model in which, at least in the early C. elegans embryo, CYK-4 functions 
to inhibit Rac activity and does not participate directly in Rho activation (Figure S 5).   
 
Additional results and discussion (not in published manuscript) 
Ect-2 and Rac/CED-10 in general embryo quality 
In Zhuravlev et al (2017), we found that Rac inhibition showed an insignificant rescue 
of cytokinesis failure in ect-2(lof) embryo.  Initially, we hypothesized that perhaps the slight 
rescue could be due to a general rescue of embryo quality due to the known roles for worm 
ECT-2 in germline structural maintenance (Green et al., 2011) and cell polarity establishment 
(Zonies et al., 2010).   Normally, C. elegans embryos are 30 x 50 μm (or a length to width 
ratio of ~1.7) (Riddle et al., 1997) ovoids, but when the structure and polarity of the syncytial 
gonad is perturbed, embryos differ in size and shape, and often become rounder.  Thus, to test 
if Rac suppressed the germline roles for ECT-2, I quantified the length to width ratio of 
embryos from control, Rac(G60R), etc-2(ts), ect-2(ts);Rac(V190G) worms after 16 hours at 
restrictive temperature (Figure 21). Control strains produced the embryos with the greatest 
length to width ratio (1.8 +/- .019; (Figure 21). The ect-2(ts);Rac(V190G) double mutant 
hermaphrodites exhibited the smallest length to width ratio, significantly less than the single 
ect-2(ts) mutant alone and thus were the most round (1.4 +/- .027 vs 1.6 +/- .018, respectively; 
Figure 21). Rac(G60R) mutant embryos exhibited a significantly smaller length to width ratio 
(1.5 +/- .033) than control (1.8 +/- .019) and ect-2(ts) mutant embryos, (1.6 +/- .018) but was 
not significantly different from that of ect-2(ts);Rac(V190G) (1.4 +/- .027 ) embryos (Figure 
21).  Thus, Rac disruption seems to reduce embryo quality and increase roundness, but this is 
not likely the mechanism of partial cytokinesis rescue in ect-2(ts) mutant embryos.   
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One caveat to our analysis of the role for Rac in embryo quality/germline structure is 
the Rac(V190G) mutant strain versus the Rac(G60R) used in the double mutant are not the 
same. As previously mentioned, the Rac(V190G) is a milder loss-of-function allele (n1993) 
that likely affects Rac’s association with the plasma membrane rather than its GTPase activity 
as with Rac(G60R)  (Kinsella et al., 1991; Reddien and Horvitz, 2000; Roberts et al., 2008; 
Shakir et al., 2006; Steffen et al., 2013).   In the future, it would be important to determine if 
Rac(RNAi) similarly affects embryo shape and size.   Rac/CED-10 is known to play a role in 
apoptotic cell corpse engulfment (Reddien and Horvitz, 2000) a process that also regulates 
embryo quality control, thus it would also be interesting to determine if disruption of other 




















Length to width ratio for embryos of the indicated genotype. Error bars are in SD. 











Figure 21: Length to width ratio with or without Rac and/or Ect2 
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CYK-4 and Anillin/ANI-1 in cytokinesis 
Since Rac largely rescues the cytokinesis failure phenotype in cyk-4(ts) mutants but 
not the rate of contractile ring constriction it suggests the possibility of another role for CYK-
4 during cytokinesis.  The Drosophila orthologue of CYK-4, RacGAP50c, has been shown to 
bind to the F-actin crosslinking protein anillin (ANI-1 in worms) (D'Avino et al., 2008; 
Gregory et al., 2008; Piekny and Maddox, 2010). In the C. elegans embryo, ANI-1 is not 
required for cytokinesis, and has recently been shown to negatively regulate F-actin levels at 
the contractile ring (Jordan et al., 2016; Maddox et al., 2007).  Thus, one possibility is that 
CYK-4 is required to regulate ANI-1.  To test this, I examined if knockdown of ani-1 in 
combination with cyk-4 and Rac disruption could rescue the slower rate of ingression. Fewer 
cyk-4(ts);Rac(G60);ani-1(RNAi) embryos failed in cytokinesis than cyk-4(ts);Rac(G60) 
double mutants (14% or 2/14 versus 40% or 4/10, respectively).  I also observed that cyk-
4(ts);ani-1(RNAi) embryos displayed more extensive contractile ring constriction than cyk-
4(ts) mutants alone, I saw no rescue of the rate of contractile ring constriction in the triple 
mutant and only a very mild rescue of the rate of contractile ring constriction in cyk-4(ts);ani-
1(RNAi) versus in cyk-4(ts) mutants alone (Figure 22).  Thus, if CYK-4 is required to regulate 
ANI-1 during cytokinesis, this cannot explain the reduced rate of contractile ring constriction 
in cyk-4(ts) mutant embryos.  


































Figure 22 Anillin depletion does not rescue rate of ingression in cyk-4(ts) mutants 
 
A) Kinetic analysis of contractile ring constriction in control and cyk-4(ts) mutant and cyk-
4(ts);Rac(G60R) 1-cell embryos at semi-restrictive temperature (24ºC) with and without 
ani(RNAi).  Left and Right graph shows the mean ring diameter over time, with all replicates 
for cyk-4(ts);Rac(G60R) double mutants in a more transparent shade of brown for 
control(RNAi) or purple for ani-1(RNAi) conditions.  Error bars represent the SEM. B) 
Cytokinesis failure and success rates for 1-cell embryos per genotype indicated. C) Average 
rate of peak contractile ring constriction, plotted as the change in diameter (µm/sec) for 
embryos in (A). n.s.=p≥0.05; *=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001. 
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Cdc42 and cytokinesis: A role for the Cdc42 GAP Chimerin/CHIN-1? 
The small GTPase Cdc42 is required for anterior-posterior cell polarity maintenance in 
the asymmetrically dividing C. elegans one-cell embryo.  In Zhuravlev et al 2017, we saw a 
more posteriorized furrow position in cyk-4(ts);Rac(G60R) and enhanced cytokinesis failure 
in cyk-4(ts);Rac(G60R);Cdc42(RNAi).  This is a phenotype previously found associated with 
disruption of the Cdc42 GAP CHIN-1/Chimerin.  Thus, I next tested whether CYK-4 might 
cooperate with CHIN-1 to regulate Cdc42 during cytokinesis.  Loss of CHIN-1 leads to 
hyperactivation of CDC-42 without altering the distribution of anterior or posterior polarity 
proteins (Kumfer et al., 2010). cyk-4(ts);Rac(G60R);chin-1(RNAi) at semi-restrictive 
temperature resulted in cytokinesis failure in 3/19 (~16%) embryos compared to 1/8 (~13%) 
embryos in cyk-4(ts);Rac(G60R);control(RNAi) (Figure 23). Although the triple mutant 
appears to still be more posteriorized than controls, there was a lot of variability. Additionally, 
chin-1(RNAi) on its own did not show significant posteriorization compared to controls, 
though the RNAi treatment likely worked given the enhanced failure phenotype observed.   
Previously, a colleague in the lab found that cytokinesis failure in formin(ts) (cyk-1) 
mutants was enhanced by Cdc42(RNAi) but rescued by chin-1(RNAi).  Since I saw 
enhancement of cytokinesis failure in cyk-4(ts) mutants with both CDC-42 and CHIN-1 
knockdowns (Figure 23), I was interested to look at what the genetic interaction between cyk-
4(ts) and cyk-1(ts) would yield during cytokinesis and whether it would enhance failure even 
at the semi-permissive temperature where both mutants are able to complete cytokinesis on 
their own. Very preliminary data suggests that cyk-4(ts);cyk-1(ts) enhances the rate of 
cytokinesis failure with 3/4 embryos failing to complete cytokinesis.  This result provides 
further support for a model in which the Formin/CYK-1 and CYK-4 function in parallel 
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pathways during cytokinesis (Figure 15D).  Further information will be needed to determine 
how CHIN-1 contributes to cell division, but this result suggests that it is possible Cdc42 may 
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A) AB vs P1 asymmetry measurement for daughter cell size in 1-cell embryos. Measurements 
were taken one time point following contractile ring closure or the timepoint at which the ring 
was most ingressed.  Asymmetric division is indicated by an increased difference in daughter 
cell length (when AB>P1).  B) Completion and failure rates for genotypes indicated. All data 
shown as mean ± SD. n.s.=p≥0.05; *=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001 
For starred genotypes in A) * and **means data shown is the same as from figure 6 in 
Zhuravlev et al 2017. 
*** is new data collected for this experiment. 
  
Figure 23: Chin-1 enhances cytokinesis failure in cyk-4(ts);Rac(G60R) 
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CYK-4 and ECT-2 continued 
To argue that CYK-4 is unlikely to be an activator of ECT-2, we showed that levels of 
downstream Rho effectors are not reduced in cyk-4(ts) mutants. However, given that the 
GFP::UtrABD levels in cyk-4(ts);control(RNAi) were not statistically significant from 
GFP::UtrABD;control(RNAi) but still looked strikingly different by eye, I performed the same 
analysis again using decreasing sizes of regions of interest, as it could very well be possible 
that the rectangular ROI used in Zhuravlev et al 2017 was too big. If so, this would dilute 
signal with the background in the control strains and could be a reason for why I observed no 
statistical difference between the control and experimental strain.  To address this potential 
issue, I used 5 different rectangular ROI widths of 5, 10, 20, 30 and 38 pixels, and found in all 
cases that the levels were not significantly different in either GFP::myosin-II or GFP::UtrABD 


















A) Schematic depicting different rectangle ROIs used subtracted from a background of the 
same size ROI. B-C) Quantification of contractile ring levels of f-actin (GFP::UtrABD and 
myosin-II with or without cyk-4(ts) at 150 sec post AO using a pixel width of various sizes as 

















A) Schematic of how quantitative image analysis was performed for (B) and (C). B, C) 
Quantification of contractile ring levels of (B) f-actin (GFP::UtrABD) and (C) myosin-II 
(NMY-2::GFP) at 220 sec post-AO at restrictive temperature (26ºC).  Error bars represent the 
SD; p-values were obtained by an unpaired, two-tailed student’s t-test.   
 
 
Figure 24: Even with a smaller ROI downstream targets of Rho, f-actin and 
myosin-II, are not reduced at the division plane in cyk-4(ts) mutants 
Figure 25: F-actin and myosin-II levels are not reduced at the division plane 
in cyk-4(ts) mutants even at 220 sec 
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Additionally, the 150 sec time point chosen for our previous analysis could be too 
early during ring constriction to show any change in levels of GFP::myosin-II or GFP::UtrABD 
given that contractile rings in controls are still ~71% (average of ~21µm) open at this time 
point, while in cyk-4(ts) strains the rings are ~82% (average of ~27µm) open (Figure S 4). At 
220 sec cyk-4(ts) mutants are much more open than controls, averaging 17 µm whereas 
controls are nearly completely closed averaging ~1.5 µm. Generally, at 220 sec the cyk-4(ts) 
strain is not yet regressing so I chose to look at GFP::UtrABD and GFP::myosin-II levels here 
to see if the drastic difference of ring openness and thus contractile ring dynamics would yield 
a statistical difference. Also, here I imaged at the fully restrictive (26ºC) temperature to make 
sure there is no residual CYK-4 GAP activity that may be contributing to the signal.  
Surprisingly, even though the controls are so much further along in ingression than the cyk-
4(ts) mutants, I still found no statistical difference in GFP::UtrABD levels at 220 sec (Figure 
25). Ideally, we would look at a mutant whose levels of GFP::myosin-II and/or GFP::UtrABD 
we would expect to be reduced as a negative control but this wasn’t done in this study. 
Ideally, both strains would be analyzed at different time points but approximately similar rates 
of ingression to test if here the levels of GFP::UtrABD and GFP::myosin-II show differences 
with or without CYK-4.   
 These additional experiments confirm that Rho-effector levels in the contractile ring 
are not significantly changed with depletion of CYK-4, using smaller regions of interest and 
looking at a later time of contractile ring ingression, the opposite of what would be expected if 
CYK-4 were an activator of ECT-2/Rho. We also found that hyper-activation of CDC-42 
enhanced cytokinesis failure, much like the result from depletion of CDC-42. It is possible 
that CYK-4 requires a precise balance of CDC-42 activity. Further, while it seems CYK-4 
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functions independently of ANI-1, we did see more rescue and deeper ingression in ANI-1 
knocked down double mutants. In summary, the search for other targets of CYK-4 is not over 
but we have shown that CYK-4 specifically inhibits Rac activity and is unlikely to contribute 












































Plasmid names, targeted genes for RNAi experiments, oligos used to generate RNAi feeding 
construct and DNA template used or Ahringer library (Kamath and Ahringer, 2003; Kamath 
et al., 2003) clone number, and cloning vectors used in this study. 
Strain Names and Genotypes
JCC176
N2 wild-type (ancestral)
*The unc-119(ed3) mutation was present in the parental strains but has not been directly sequenced in these 
strains to determine if the unc-119 gene is mutated.




unc-119(ed3)* ltIs38[pAA1; pie-1::eGFP::PH(PLC1delta1) unc-119(+)]III; ltIs37[pAA64; pie-1::
mCherry::his-58 unc-119(+)]IV
Table S1: Zhuravlev et al. (2017)
unc-119(ed3)* ltIs38[pAA1; pie-1::eGFP::PH(PLC1delta1) unc-119(+)]III; ced-10(n3246)IV 
JCC541





mgSi3[cb-unc-119(+) eGFP:utrophin]II;  unc-119(ed3)* cyk-4(or749ts)III; ltIs37
[pAA64; pie-1::mCherry::his-58 unc-119(+)]IV
unc-119(ed3)* cyk-4(or749ts)III; zuIs45[nmy-2::nmy-2::eGFP unc-119(+)]V.  
ect-2(ax751ts)II
ect-2(ax751ts)II; ced-10(n1993)IV






mgSi3[cb-unc-119(+) eGFP:utrophin]II; unc-119(ed3)*III; ltIs37[pAA64; pie-1::mCherry::his-58 
unc-119(+)]IV
JCC178
unc-119(ed3)* cyk-4(or749ts) ltIs38[pAA1; pie-1::eGFP::PH(PLC1delta1) unc-119(+)]III; 
ced-10(n3246)IV
OD239
cyk-4(or749ts) unc-119(ed3)* ltIs38[pAA1; pie-1::eGFP::PH(PLC1delta1) unc-119(+)]III; 
ltIs37[pAA64; pie-1::mCherry::his-58 unc-119(+)]IV
JCC146
cyk-1(or596ts) unc-119(ed3)* ltIs38[pAA1; pie-1::eGFP::PH(PLC1delta1) unc-119(+)]III; ltIs37 
[pAA64; pie-1::mCherry::his-58 unc-119(+)]IV
JCC177
cyk-1(or596ts) unc-119(ed3)* ltIs38[pAA1; pie-1::eGFP::PH(PLC1delta1) unc-119(+)]III;
ced-10(n3246)IV
JCC192
nmy-2(ne3409ts) dpy-5**; unc-119(ed3)* ltIs38[pAA1; pie-1::eGFP::PH(PLC1delta1) 
unc-119(+)]III; ltIs37[pAA64; pie-1::mCherry::his-58 unc-119(+)]IV
JCC203




















cdc-42 (R07G3.1)pJC53 Acquired from Ahringer library (Clone # II-5P13)
Oligo 1 (5’-3’) Oligo 2 (5’-3’)
Table S 4: Strain names and genotype 
Table S 3: Feeding RNAi constructs 
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Figure (within the manuscript):
15B # of embryos Control Rac(G60R) cyk-4(ts)
cyk-4(ts); 
Rac(G60R)
cyk-4(ts) cytokinesis completion rate with and without 
Rac(G60R) at semi-restrictive temp
16 Control 1 <.0001 <.0001
12 Rac(G60R) <.0001 <.0001
13 cyk-4(ts) 0.0001
10 cyk-4(ts);Rac(G60R)
cyk-4(ts) cytokinesis completion rate with and without 
Rac(RNAi) at semi-restrictive temp





10 Control(RNAi) 1 <.0001 <.0001
12 Rac(RNAi) <.0001 <.0001
12 cyk-4(ts);Control(RNAi) 0.0001
10 cyk-4(ts);Rac(RNAi)
# of embryos Control Rac(G60R) cyk-4(ts)
cyk-4(ts); 
Rac(G60R)
cyk-4(ts) cytokinesis completion rate with and without 
Rac(G60R) at semi-restrictive temp
16 Control 1 <.0001 <.0001
12 Rac(G60R) <.0001 <.0001
13 cyk-4(ts) <.0001
10 cyk-4(ts);Rac(G60R)





cyk-4(ts) cytokinesis completion rate with and without 
Rac(RNAi)at semi-restrictive temp
10 Control(RNAi) 1 <.0001 <.0001
12 Rac(RNAi) <.0001 <.0001
12 cyk-4(ts);Control(RNAi) <.0001
10 cyk-4(ts);Rac(RNAi)
# of embryos Control Rac(G60R) cyk-4(ts)
cyk-4(ts); 
Rac(G60R)
cyk-4(ts) contractile ring constriction rates with and without 
Rac(G60R) or Rac(RNAi) at semi-restrictive temp
16 Control 0.0359 <.0001 <.0001
12 Rac(G60R) <.0001 <.0001
13 cyk-4(ts) 0.0687
10 cyk-4(ts);Rac(G60R)





cyk-4(ts) contractile ring constriction rates with and without 
Rac(G60R) or Rac(RNAi) at semi-restrictive temp
10 Control(RNAi) 0.0735 <.0001 <.0001
12 Rac(RNAi) <.0001 0.0012
12 cyk-4(ts);Control(RNAi) 0.0177
10 cyk-4(ts);Rac(RNAi)
16D # of embryos Control Rac(G60R) cyk-1(ts)
cyk-1(ts); 
Rac(G60R)
formin/cyk-1(ts) cytokinesis completion rate with and 
without Rac(G60R) at semi-permissive temp
13 Control 1 1 1
13 Rac(G60R) 1 1
13 cyk-1(ts) 0.22
12 cyk-1(ts);Rac(G60R)
# of embryos Control Rac(G60R) cyk-1(ts)
cyk-1(ts); 
Rac(G60R)
formin/cyk-1(ts) cytokinesis completion rate with and 
without Rac(G60R) at semi-permissive temp
13 Control 1 1 1
13 Rac(G60R) 1 1
13 cyk-1(ts) 0.116554
12 cyk-1(ts);Rac(G60R)
16E # of embryos Control Rac(G60R) cyk-1(ts)
cyk-1(ts); 
Rac(G60R)
formin/cyk-1(ts) contractile ring constriction rates with and 
without Rac(G60R) at semi-restrictive temp
11 Control 0.0735 <.0001 <.0001
15 Rac(G60R) <.0001 <.0001
11 cyk-1(ts) 0.4925
10 cyk-1(ts);Rac(G60R)
16F # of embryos Control Rac(G60R) cyk-1(ts)
cyk-1(ts); 
Rac(G60R)
formin/cyk-1(ts) contractile ring constriction rates with and 
without Rac(G60R) at semi-permissive temp
13 Control 0.7396 <.0001 <.0001
13 Rac(G60R) <.0001 <.0001
13 cyk-1(ts) 0.9645
12 cyk-1(ts);Rac(G60R)
17D # of embryos Control Rac(G60R) nmy-2(ts)
nmy-2(ts); 
Rac(G60R)
myosin-II/nmy-2(ts) cytokinesis completion rate with and 
without Rac(G60R) at semi-permissive temp
10 Control 1 1 1
10 Rac(G60R) 1 1
13 nmy-2(ts) 0.4348
10 nmy-2(ts);Rac(G60R)
# of embryos Control Rac(G60R) nmy-2(ts)
nmy-2(ts); 
Rac(G60R)
myosin-II/nmy-2(ts) cytokinesis completion rate with and 
without Rac(G60R) at semi-permissive temp
10 Control 1 1 1
10 Rac(G60R) 1 1
13 nmy-2(ts) 0.278902
10 nmy-2(ts);Rac(G60R)
17E # of embryos Control Rac(G60R) nmy-2(ts)
nmy-2(ts); 
Rac(G60R)
myosin-II/nmy-2(ts) contractile ring constriction rates with 
and without Rac(G60R) at semi-restrictive temp
10 Control 0.933 <.0001 <.0001
10 Rac(G60R) <.0001 <.0001
13 nmy-2(ts) 0.01
10 nmy-2(ts);Rac(G60R)
17F # of embryos Control Rac(G60R) nmy-2(ts)
nmy-2(ts); 
Rac(G60R)
myosin-II/nmy-2(ts) contractile ring constriction rates with 
and without Rac(G60R) at semi-permissive temp
12 Control 0.128 <.0001 0.0001
10 Rac(G60R) 0.003 0.0047
13 nmy-2(ts) 0.4866
10 nmy-2(ts);Rac(G60R)
Strains to be compared: Barnard's exact test
Strains to be compared: Fisher's exact test
Strains to be compared: Unpaired, two-tailed student's t-test
Strains to be compared: Unpaired, two-tailed student's t-test
Strains to be compared: Unpaired, two-tailed student's t-test
Strains to be compared: Barnard's exact test
Strains to be compared: Barnard's exact test
Strains to be compared: Barnard's exact test
Strains to be compared: Fisher's exact test
Strains to be compared: Fisher's exact test
Strains to be compared: Fisher's exact test
Strains to be compared: Unpaired, two-tailed student's t-test
Strains to be compared: Unpaired, two-tailed student's t-test
Strains to be compared: Unpaired, two-tailed student's t-test
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ect-2(ts) contractile ring constriction rates with and without 
Rac(RNAi) long shift at restrictive temp
11 Control(RNAi) 0.1082 0.001 <.0001 0.0269










Strains to be compared: Unpaired, two-tailed student's t-test





ect-2(ts) cytokinesis completion rate with and without 
Rac(RNAi) at restrictive temp (GFP::PH domain; 
mCherry::H2B)
11 Control(RNAi) 1  0.0411  0.4783
12 Rac(RNAi)  0.0391  0.4783
12 ect-2(ts); Control(RNAi) 0.3783
12 ect-2(ts);Rac(RNAi)





ect-2(ts) cytokinesis completion rate with and without 
Rac(RNAi) at restrictive temp (GFP::PH domain; 
mCherry::H2B)
11 Control(RNAi) 1 0.019718 0.13817
12 Rac(RNAi) 0.017417 0.125521
12 ect-2(ts); Control(RNAi) 0.140907
12 ect-2(ts);Rac(RNAi)





ect-2(ts) cytokinesis completion rate with and without 
Rac(RNAi) at restrictive temp (no markers)
11 Control(RNAi) 1 0.0078 0.144
12 Rac(RNAi)  0.0001 0.0155
12 ect-2(ts); Control(RNAi) 0.1689
12 ect-2(ts);Rac(RNAi)





ect-2(ts) cytokinesis completion rate with and without 
Rac(RNAi) at restrictive temp (no markers)
11 Control(RNAi) 0.544659 0.005152 0.083613
12 Rac(RNAi) 0.000384 0.065114
12 ect-2(ts); Control(RNAi) 0.072989
12 ect-2(ts);Rac(RNAi)
19B # of embryos Control(RNAi)
cyk-4ts); 
Control(RNAi)
Contractile ring GFP::utrophin (f-actin) levels in control and 




19C # of embryos Control(RNAi)
cyk-4ts); 
Control(RNAi)
Contractile ring GFP::NMY-2 (myosin-II) levels in control and 





# of embryos        
/# of worms





Brood size- paternal requirement test 0/8 fem1 0.0003 0.0005 0.0002
416/8 fem1 x N2 0.4844 0.0603
640/8 fem1 x cyk-4(or570) 0.2241
488/8 fem1 x cyk-4(or749)
# of viable 
embryos        
/# of worms





Embryonic viability- paternal requirement test 0/8 fem1 <.0001 <.0001 <.0001
401/8 fem1 x N2 0.1742 0.0378
573/8 fem1 x cyk-4(or570) 0.2241
446/8 fem1 x cyk-4(or749)
Strains to be compared: Unpaired, two-tailed student's t-test
Strains to be compared: Unpaired, two-tailed student's t-test
Strains to be compared: Fisher's exact test
Strains to be compared: Fisher's exact test
Strains to be compared: Unpaired, 
two-tailed student's t-test
Strains to be compared: Unpaired, 
two-tailed student's t-test
Strains to be compared: Barnard's exact test
Strains to be compared: Barnard's exact test
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Table S 5: P values for all data in publication 

























cyk-4(ts) contractile ring constriction rates with and without 
cdc-42(RNAi) and Rac(G60R) at semi-restrictive temp
9 Control; Control(RNAi) 0.6044 0.0684 0.5681 <0.0001 0.0001 <0.0001 <0.0001
10 Control; cdc-42(RNAi) 0.1249 0.8598 <0.0001 <0.0001 0.1249 0.8598
10 Rac(G60R); Control(RNAi) 0.2485 <0.0001 0.0001 <0.0001 0.0001
12 Rac(G60R); cdc-42(RNAi) 0.0001 0.0001 <0.0001 <0.0001
12 cyk-4(ts); Control(RNAi) 0.6835 0.4894 0.0433



























Difference in daughter cell size; AB- P1 9 Control; Control(RNAi) 0.0003 0.5537 0.0017 0.4053 0.0621 0.0003 0.0006
10 Control; cdc-42(RNAi) <0.0001 0.4068 0.0003 0.1526 <0.0001 0.6046
10 Rac(G60R); Control(RNAi) 0.0005 0.6865 0.0262 0.0017 0.0002
12 Rac(G60R); cdc-42(RNAi) 0.0012 0.4246 <0.0001 0.2285
12 cyk-4(ts); Control(RNAi) 0.0273 0.0419 0.0004



























cyk-4(ts) cytokinesis completion rates with and without 
Rac(G60R) and with and without cdc-42(RNAi) at semi-
perimissive temperature
9 Control; Control(RNAi) 1 1 1 <0.0001 <0.0001 0.2663 <0.0001
10 Control; cdc-42(RNAi) 1 1 <0.0001 <0.0001 0.2308 <0.0001
10 Rac(G60R); Control(RNAi) 1 <0.0001 <0.0001 0.25 <0.0001
12 Rac(G60R); cdc-42(RNAi) <0.0001 <0.0001  0.2308 <0.0001
12 cyk-4(ts); Control(RNAi) 1 <0.0001 1



























cyk-4(ts) cytokinesis completion rates with and without 
Rac(G60R) and with and without cdc-42(RNAi) at semi-
perimissive temperature
9 Control; Control(RNAi) 1 1 1 <0.0001 <0.0001 0.117741 <0.0001
10 Control; cdc-42(RNAi) 1 1 <0.0001 <0.0001 0.103254 <0.0001
10 Rac(G60R); Control(RNAi) 1 <0.0001 <0.0001 0.112572 <0.0001
12 Rac(G60R); cdc-42(RNAi) <0.0001 <0.0001 0.103254 <0.0001
12 cyk-4(ts); Control(RNAi) 1 <0.0001 1








Strains to be compared: Unpaired, two-tailed student's t-test
Strains to be compared: Unpaired, two-tailed student's t-test
Strains to be compared: Barnard's exact test
Strains to be compared: Fisher's exact test
Supplementary Figure:
S4D # of embryos cyk-4(ts)
cyk-4ts); 
Rac(RNAi)




# of embryos cyk-4(ts)
cyk-4ts); 
Rac(RNAi)




# of embryos cyk-4(ts)
cyk-4ts); 
Rac(RNAi)




# of embryos cyk-4(ts)
cyk-4ts); 
Rac(RNAi)




Strains to be compared: Barnard's exact test
Strains to be compared: Barnard's exact test
Strains to be compared: Fisher's exact test
Strains to be compared: Fisher's exact test
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Materials and Methods 
Strain maintenance   
Caenorhabditis elegans were kept on standard NGM plates seeded with OP50 E. coli 
bacteria, as described (Brenner, 1974). All strain names and genotypes used in this study are 
listed in Table S 4. 
Temperature control 
All control and temperature-sensitive (ts) strains were raised in an incubator 
(Crittenden et al.) kept at permissive temperature (16 ± 0.5ºC) and all fast-acting ts strains 
were also dissected in cooled (~16ºC) M9 buffer (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 mL 
1 M MgSO4, H2O to 1 L and sterilized by autoclaving) until just before the 1-cell or 2-cell 
division.  For the non-fast-acting ect-2(ts) experiments (Figure 18), worms were raised at 
permissive temperature (16ºC) until the L4 stage at which time they were moved to a 26ºC 
incubator (Crittenden et al.) overnight for at least 12 hours and dissected in a warmed room 
(~26ºC) in ~26ºC M9 buffer (Brenner, 1974).  
Live-cell imaging was performed in a thermally-controlled room. Room temperature 
was monitored with two thermometers attached directly to the objective, and another 
thermometer attached to the stage via a glue gun to monitor the temperature of the specimen 
during filming.  Wherever mentioned throughout this article, experimental temperatures were 
calculated by averaging the values from the two thermometers attached to the objective and 
were as follows: cyk-4(ts) semi-restrictive (24.0 ± 0.5ºC); ect-2(ts) restrictive (26.0 ± 0.5ºC); 
formin(ts) semi-permissive temperature (18.5 ± 0.5ºC); formin(ts) semi-restrictive temperature 
(23.5 ± 0.5ºC); myosin-II(ts) semi-permissive temperature (22.5 ± 0.5ºC); myosin-II(ts) semi-
restrictive temperature (25.5 ± 0.5ºC).  Temperatures are defined for each individual mutant 
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allele as follows: permissive temperature=all ts embryos complete cytokinesis with kinetics 
most similar to non-ts controls; semi-permissive temperature=highest temperature at which all 
ts embryos complete cytokinesis; semi-restrictive temperature=lowest temperature at which 
all ts embryos fail in cytokinesis; and restrictive temperature=all embryos fail in cytokinesis 
with a null-like phenotype (aside from the ect-2(ts) mutant that often divides successfully 
even at the restrictive temperature of 26ºC).   
 
Live-cell imaging 
Single-cell embryos were mounted on a 2% agar pad as described previously (Gonczy 
et al., 1999; Jordan et al., 2016).  Imaging was performed on a Nikon Ti inverted microscope 
with 40x 1.3 N.A. and 60x 1.4 N.A. oil-immersion PlanApochromat objectives using a 
Yokagawa CSU-10 spinning disc confocal equipped with Borealis (Spectral Applied 
Research) and a Hamamatsu Orca ER camera.  Z-sectioning was done with a Piezo-driven 
motorized stage (Applied Scientific Instrumentation) and focus was maintained using Perfect 
Focus (Nikon) prior to each Z-series acquisition.  Solid-state 150 mW lasers were used for 
excitation at 488 and 561 nm for eGFP and mCherry respectively (Spectral Applied 
Research), and a filter-wheel was used for emission wavelength selection (Sutter 
Instruments).  The imaging system was controlled by Metamorph software (Molecular 
Devices). 
A central, transmitted light image and through-cell GFP and mCherry fluorescent Z-
series were collected every 15 sec or 30 sec to measure ingression kinetics (see below).  For 
data presented in Figure 15-Figure 18, Figure 20 and S1, embryos were imaged with the 40x 
1.3 N.A. oil objective with 2 x 2 binning and 100 msec exposures.  Laser power was tuned to 
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20% for the 488 nm laser and 50% for the 561 nm laser (except for Figure 20, where we look 
at the effect of Cdc42(RNAi) on cytokinesis in cyk-4(ts) embryos with and without 
Rac(G60R)), the 561 nm laser intensity was 70%).  For data presented in Figures 15, 17, and 
18 (cyk-4(ts) kinetics with and without Rac(G60R) or Rac(RNAi);cyk-1(ts) kinetics with and 
without Rac(G60R); and nmy-2(ts) kinetics with and without Rac(G60R)), the same imaging 
parameters were used except embryos were imaged every 30 sec.  Z-sectioning was as 
follows: 13 x 2 μm steps (Figure 15-Figure 18, Figure S 4C and Figure 20B-D) with the 
exception of a few embryos filmed using 7 x 2 μm steps in Figure 16 and Figure 17 at the 
semi-restrictive temperature, where the contractile ring closes in the central Z-plane.  The 
embryos imaged using 7 x 2 μm steps were acquired with the 60x 1.4 N.A. oil objective 2 x 2 
binning (Figure 16, Figure 17).  For analysis of the contractile ring levels of GFP::myosin-II 
(GFP::NMY-2 (Munro et al., 2004)) and GFP::UtrophinABD (GFP::UtrABD), a reporter for f-
actin (Burkel et al., 2007; Tse et al., 2012), a single 11 x 2.5 μm or 65 x 0.5 μm Z-section 
image stack (see also below in image analysis section) was taken 150 sec after anaphase onset 
using a 60x 1.4 N.A. oil-immersion PlanApochromat objective with 2 x 2 binning on a 
Hamamatsu Orca ER camera and 150 mW 488 nm and 561 nm lasers at 50% laser power 
intensity with 100 msec exposures (Figure 19).  For the 220 sec a 65 x 0.5 μm Z-section 
image stack was taken 220 sec after anaphase onset otherwise using the same parameters as 
for 150sec. For brood quality experiments a 25 x1 μm Z-section image stack was taken with 
the 20x air objective with 1 x1 binning and just the DIC channel. Only 1 time point was 
imaged with multiple stages to capture as many embryos per field as possible. Prior to 
imaging worms were kept at 26 ºC for over 12 hours.  
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Image analysis 
Metamorph (Molecular Devices) and FIJI (ImageJ) software were used for all data 
analysis (Schindelin et al., 2012; Schindelin et al., 2015).  Contractile ring constriction was 
measured from the time of metaphase (time point immediately prior to anaphase onset) until 
anaphase onset of the next division, or in the case of cytokinesis failure, until complete 
contractile ring regression.  The contractile ring diameter was measured at each time point in 
the z-section where the ring was most open and displayed as a percentage of the initial 
diameter over time.  The rate of ingression is plotted as the µm/sec when the rate of ingression 
peaks from ~90-50% of the initial cell diameter. When embryos did not ingress to 50% of the 
initial cell diameter, the point of deepest contractile ring constriction was used (Figure 15-
Figure 18).  Where histone markers were not available (in strains with Rac(lof) and cyk-
4(ts);GFP::NMY-2), anaphase onset was determined by transmitted light.  
The levels of f-actin and myosin-II (GFP::UtrophinABD and GFP::myosin-IINMY-2) in 
the contractile ring in cyk-4(ts) embryos (at semi-restrictive temperature, 24ºC) were 
calculated as follows: All 11 x 2.5 μm Z-stacks were sum projected using FIJI (Figure 19B-
D).  A region of fixed size (195 x 38 pixels) surrounding the entire division plane was used to 
measure the average pixel intensity and measurements from a region of the same size in a 
nearby background area, outside of the embryo, was subtracted for each individual embryo as 
is schematized in Figure 19A.  These data were normalized to controls and plotted as the 
average intensity at 150 sec post-anaphase onset (Figure 19B-D).  Where higher resolution 
images are shown (Figure 19E), a 65 x 0.5 μm Z-section stack acquired at 150 sec post-
anaphase onset and a maximum projection image for all 65 Z-sections was generated using 
FIJI (FIJI is just Image J) (Schindelin et al., 2012; Schindelin et al., 2015). 
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The asymmetric differences in daughter cell size were calculated by measuring the 
length of the newly formed AB (anterior) and P1 (posterior) blastomeres using the time point 
immediately following completion of cytokinesis (Figure 20 showing cyk-4(ts) with and 
without Rac(G60R) and Cdc42(RNAi)). The length of the posterior P1 cell was subtracted 
from the length of the anterior AB cell.  Cell size measurement was done using a single 
central plane from the 488 nm GFP channel. When embryos failed to complete cytokinesis, a 
similar measurement was taken using the distance from the anterior and posterior poles to the 
cleavage furrow at the time of maximum contractile ring constriction.  Analysis of the time 
from anaphase onset to double membrane formation in Figure S 4 was done using the same 
embryos in Figure 15A (kinetics of cytokinesis in cyk-4(ts) mutant embryos with and without 
Rac(RNAi)). For the 220 sec images the region of interest was 364 x 40 pixels, otherwise 
image analysis was performed the same way as for 150 sec.  
 
Embryonic viability and brood size 
fem-1(hc17ts) hermaphrodites were raised at 25ºC to feminize them (by blocking 
sperm production), then singled as L4s onto individual mating plates (35 mm NGM agar 
plates seeded with 10 µL of OP50 (Brenner, 1974)).  cyk-4(ts) males were also raised at 25ºC 
from the ~L3/L4 stage.  7 males per genotype (except for the no male controls) were added to 
each plate containing a single hermaphrodite and allowed to mate for ~15 hours at 25ºC.  To 
ensure the fem-1(hc17ts) hermaphrodites were feminized (and thus sterile) we did not add 
males to one set of fem-1(ts) hermaphrodites (no male controls).  The adults from each 
individual cross were transferred twice to a new plate every ~10 hours (after laying ~50 
embryos).  The number of viable progeny and dead embryos per feminized hermaphrodite 
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(Figure 20A) was quantified for two plates per cross (representing ~24-30 hours of egg 
laying) 24 hours after transferring off the adults (to allow all embryos to hatch) using a digital 
counting pen (Burkard et al.) on a Nikon dissecting microscope 
 
Feeding RNAi 
All primers and DNA template used for RNAi experiments are listed in Table S 3.  
Cloning was performed by inserting the Rac/ced-10 sequence into the L4440 vector using 
standard cloning protocols and then transformed into HT115 E. coli (Timmons et al., 2001).  
The empty L4440 vector in HT115 cells was used as a control.   RNAi feeding bacteria were 
inoculated in Luria Broth with 100 µg/mL ampicillin for either 7 hours at 37ºC or 16 hours at 
32ºC.  300 µL of this culture was plated on RNAi plates (NGM agar plates (Brenner, 1974) 
supplemented with 50 µg/mL ampicillin and 1 mM IPTG).  After drying, the plates were 
grown at 32ºC for 24-48 hours.  L1 worms were transferred onto RNAi plates and then grown 
at 16ºC until young adulthood when they were dissected to obtain the embryos.  RNAi 
knockdown for Rac/ced-10 was confirmed by 1) observing deeper furrowing during 
pseudocleavage, and 2) completion of cytokinesis in cyk-4(ts) mutant embryos at its semi-
restrictive temperature (24 ± 0.5ºC).  Confirmation of Cdc42 (CDC-42) knockdown was 
confirmed by assaying embryonic lethality and loss of cell division asymmetry (Figure 20B).  
 
Statistical Analysis 
Unpaired student’s t-tests were conducted using Graphpad Prism software. 
n.s.=p≥0.05, *=p<0.05, **=p<0.01, ***=p<0.001, and ****=p<0.0001. Error bars for traces 
of cell diameter over time during cytokinesis represent SEM.   Error bars for contractile ring 
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constriction rates, myosin-II and f-actin levels, embryonic lethality, brood size, and 
asymmetry of furrow position represent the SD.  Statistics for cytokinesis completion/failure 
bar graphs used a two-tailed Fisher’s exact test, but this analysis was also done with a 
Barnard’s exact test (Table S 5: P values for all data in publication).  See also statistical 
analysis in Table S 5 for all p-values. 
 
Experimental procedures for unpublished data 
Image analysis 
The levels of f-actin and myosin-II (GFP::UtrophinABD and GFP::myosin-IINMY-2) in 
the contractile ring in cyk-4(ts) embryos (at semi-restrictive temperature, 24ºC) were 
calculated as follows: All 11 x 2.5 μm Z-stacks were sum projected using FIJI(Schindelin et 
al., 2012; Schindelin et al., 2015). A region of 5,10, 20, 30 and 38 pixels surrounding the 
entire division plane was used to measure the average pixel intensity and measurements from 
a region of the same size in a nearby background area, outside of the embryo, was subtracted 
for each individual embryo as is schematized in Figure 19A at 150sec.  These data were 
normalized to controls and plotted as the average intensity at 150 sec post-anaphase onset 
(Figure 19B-D). Analysis of f-actin and myosin-II (GFP::UtrophinABD and GFP::myosin-
IINMY-2) levels in the contractile ring at 220 sec was performed the same as in Zhuravlev et al 
2017 (Figure 19).  
 
Brood quality analysis 
For brood quality experiments length and width were measured using metamorph 
where a line at the equator of the cell spanned from the anterior/dorsal most point of the 
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eggshell to the posterior/ventral most point. This measurement was done irrespective of the 
developmental stage of the embryo for all conditions. The middle/most in focus slice was 
used for the measurements.  
 
Feeding RNAi 
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Chapter 4. The short and happy life of Notch/glp-1, Delta/APX-1, and Wnt/MOM-2 
signalling in cytokinesis 
 
 





My contributions to Chapter 4  
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Abstract 
 Although fundamental elements of cytokinesis are common across much of metazoan 
phylogeny, it is clear that cytokinesis itself shows a great deal of diversity from one species to 
the next, and even within a multicellular organism, from one tissue to the next.  For example, 
genetic inhibition of central spindle assembly in worms and flies disrupts cytokinesis in some 
cell types, but not in others (Verbrugghe and White, 2007).  Moreover, in humans, 
hypomorphic mutations in the core cytokinesis signaling proteins often lead to tissue and/or 
cell-type specific diseases, such as with X-linked neutropenia that only affects neutrophil 
cells, or congenital dyserythropoietic anemia type II, which affects only erythroblasts 
(Heimpel et al., 2003).   Using a SPD-1 mutant, which results in disruption of the central 
spindle, as a sensitized genetic background, we found a differential failure pattern at the 4-cell 
stage (Verbrugghe and White, 2004). At this stage, the fate of each blastomere is already 
decided via conserved signaling molecules such as Notch and Wnt  (Mickey et al., 1996; 
Rocheleau et al., 1997; Thorpe et al., 1997). We found that the P2 cell was always protected 
against cell division failure while the ABa cell nearly always failed to complete cytokinesis. 
The other cell-types, ABp and EMS showed a more intermediate failure pattern. Given the 
differences observed for ABa and ABp, sibling cells that are identical until a signal from P2 
changes the fate of ABp, we hypothesized that cell fate may be a critical factor in cell division 
integrity.  The P2 cell expresses Delta and Wnt, which specifies the ABp and a progeny of the 
EMS cell respectively. I investigated if Notch/Wnt signaling is able to shield the ABp/EMS 
cell from cytokinesis failure by making a double mutant strain of spd-1(ts);glp-1(ts) and spd-
1(ts);mom-2(ts). While initially results were promising, we found too much variability with 
spd-1(oj5) making it an unreliable mutant to use as our sensitized background. Our 
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preliminary data suggests that loss of Delta or Notch signaling does not appear to affect the 
failure rate of the ABp cell.  
Introduction 
During cell division, the segregation of the chromosomes and specification of the 
division plane are coordinated by mitotic spindle microtubules. When the chromosomes begin 
to separate during anaphase, an antiparallel array of microtubules assembles between them at 
the division plane, called the central spindle. This assembly is dependent on the microtubule 
bundling protein SPD-1 (the C. elegans homolog of vertebrate PRC1, Fascetto in 
Drosophila), and depletion of this protein leads to cytokinesis failure in cultured mammalian 
and Drosophila cells (Jiang et al., 1998). In the small roundworm Caenorhabditis elegans, 
spd-1 mutants also fail in cytokinesis, however not all divisions in the early embryo are 
equally affected. In fact, the first two rounds of cell division occur successfully, despite the 
absence of bundled central spindle microtubules (Verbrugghe and White, 2004). 
While PRC1 is essential for cytokinesis in transformed mammalian cultured cells, 
SPD-1 (the C. elegans homolog) is necessary for integrity of the central spindle but not for 
cytokinesis success in early embryonic cell divisions. Rather, disrupting SPD-1 activity 
results in the failure of cytokinesis in specific cell lineages. spd-1(oj5ts) is a temperature 
sensitive maternal-effect mutation that results in embryonic lethality at the restrictive 
temperature (26°C) while at the permissive temperature (16°C) adults produce normal and 
viable young. In the absence of spd-1 there is no detectable central spindle. When spd-1 
mutant embryos are filmed at the restrictive temperature during the four-to-eight-cell 
transition a differential failure pattern is observed (Verbrugghe and White, 2004).  
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At this four-to-eight-cell stage there is also a difference in signaling that occurs for the 
AB progeny due to the location of the cells, with ABa being the most anteriorly positioned 
cell (Figure 26). The fates of the blastomere sisters are conditional on their positions within 
the embryo. This is because the Delta/APX-1-expressing P2 cell signal specifically activates 
Notch/GLP-1 in the ABp cell due to the cell positioning of the early embryo (Priess and 
Thomson, 1987). Although both ABa and ABp have the Notch/GLP-1 receptor, physical 
contact is crucial because the P2 signal, Delta/APX-1, and the Notch/GLP-1 receptor is 
membrane bound. In experiments where the positions of ABa and ABp are switched, with 
ABa in direct contact with P2, the cell fates are likewise switched: ABa goes on to adopt the 
ABp fate while ABp adopts the fate of ABa; confirming immunofluorescence analysis which 
revealed that both sisters express Notch/GLP-1 and both could respond to Delta/APX-1  
(Shelton and Bowerman, 1996).  
During the four-cell stage, physical contact with P2 is also crucial for another 
blastomere: the EMS cell. When EMS is isolated from P2 there is no gut differentiation and 
this cannot be rescued when an experimentally isolated EMS is recombined with either ABp 
or ABa.  EMS divides to form the MS and E daughter cells.  In the absence of P2 contact, 
both cells will take on the MS-like fate (Goldstein, 1992). When P2 is experimentally moved 
to contact the other side of the EMS blastomere, gut differentiation occurs in the daughter 
closest to P2, suggesting all of EMS can respond to P2’s signal. It has been shown that the 
signal on P2’s membrane is the Wnt/MOM-2 ligand and the receptor on EMS is 
Frizzled/MOM-5  (Goldstein, 1992). 
Although Wnts are secreted signaling morphogens, they are poorly mobile and often 
contact-dependent due to posttranslational modifications (Strand and Micchelli, 2011). Once 
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the Wnt/MOM-2 ligand binds to its receptor, Frizzled/MOM-5, the destruction complex 
(APC/APR-1 PRY-1/GSK-3) dissociates and β-catenin/WRM-1 is no longer degraded. 
Instead, it translocates into the nucleus of the posterior cell (that was polarized by P2) where it 
associates with the armadillo-repeat protein, SYS-1, to export TCF/POP-1 from the nucleus; 
thereby activating the expression of repressed genes. The polarization of EMS by P2 induces 
the endodermal fate along with rotating its mitotic spindle 90 degrees to lie along the A/P 
axis. Importantly, this orientation does not rely on gene transcription, implying Wnt signaling 
is directly involved in targeting the cytoskeleton (Goldstein, 1995; Schlesinger et al., 1999; 
Walston et al., 2004).  
In C. elegans there are three β-catenin genes that fulfill separate functions in the Wnt 
pathway. In the EMS cell, the β-catenin used is β-catenin/WRM-1. Because this pathway is 
still reliant on WRM-1 as a central player, but not on BAR-1 (the mammalian β-catenin 
ortholog) it is considered a non-canonical variant. There is evidence for Wnt/MOM-2 pathway 
components contributing to functions outside cell fate such as mitotic spindle orientation and 
reorganization of the cytoskeleton. Wnt/MOM-2 pathway proteins are necessary for 
reorientation of the mitotic spindles depending on the cortical status of β-catenin/WRM-1 
(Goldstein, 1995; Schlesinger et al., 1999; Walston et al., 2004). Similarly, Frizzled/MOM-5 
and members of the destruction complex are involved in actin cytoskeletal rearrangements in 
the gonadal arms. WNT-7a, one of the 19 vertebrate members of the Wnt family, has been 
shown to participate in neuronal cytoskeleton regulation as it results in increased growth cone 
size and axonal branching (Hall, 2000; Lucas and Salinas, 1997; Salinas, 2007).  
Here we examined the potential role cell fate determinants may play in the outcome of 
cytokinesis by creating double mutants to disrupt SPD-1 and/or Notch/GLP-1, Delta/APX-1, 
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Wnt/MOM-2 function. We found, as was shown previously, spd-1 mutants result in a 
differential failure pattern, however we saw the majority of failure occur in the ABa cell-type 
and not EMS (Verbrugghe and White, 2004; Verbrugghe and White, 2007). Surprisingly, 
disruption of spd-1(ts);glp-1(ts) and spd-1(ts);apx-1(ts) did not enhance cytokinesis failure in 
the ABp progeny. Furthermore, while it seemed that the EMS blastomere displayed increased 
cell division failure upon double knockdown: spd-1(ts);mom-2(ts), we found too much 
variability in the spd-1 mutant on its own, making interpretation of data difficult and 
unreliable.    
 
Results 
Loss of SPD-1 results in differential cytokinesis failure in the 4-cell embryo 
Loss of SPD-1 disrupts the integrity of the central spindle, but only leads to 
cytokinesis failure in some of the cells.  I have successfully replicated previous experiments 
that show the spd-1 mutant strain results in differential failure of daughter cells in the 4-to-8 
cell stage, with ABa failing ~100% of the time, ABp and EMS failing ~20% of the time, and 
the P2 cell never failing to divide (with substantial caveats, see more below). Of particular 
interest is the failure of ABa in light of the success of the ABp blastomere. Both are the 
products of a symmetric division from their AB mother cell and are initially equivalent 
(Figure 26) (Bowerman et al., 1992; Mango et al., 1994; Mickey et al., 1996; Moskowitz et 
al., 1994; Shelton and Bowerman, 1996). Why then, is one more susceptible to failure when 
the two cells are born identical from a symmetric cell division? One possible explanation for 
why two cells with equal potential express differential failure patterns is that one possesses a 
protective advantage based on inter-cellular signaling. In the ABp cell there is a well-
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characterized Notch/GLP-1 - Delta/APX-1 signaling cascade that determines cell fate, which 
is absent in ABa (Priess and Thomson, 1987).    
To test if Notch/GLP-1-Delta/APX-1 signaling shields ABp from the cytokinesis 
failure of the ABa cell, a colleague disrupted Delta/APX-1 activity in the spd-1 background.   
He found Delta/APX-1 knockdown lead to a 5-fold increase in failure specifically in the ABp 
cell, thus I first set out to confirm this result with a spd-1(ts);glp-1(ts) mutant.  We would 
expect if ABp is being protected by Delta/Notch signaling then disrupting this signal by using 
a double mutant of either apx-1(ts); spd-1(ts) and/or either glp-1(ts);spd-1(ts) should cause an 
increase in cytokinesis failure.   
Unexpectedly, spd-1(ts);glp-1(ts) showed no increase in ABp failure and some 
suppression of failure in EMS.  This suggests either that Delta/APX-1 works through a 
different Notch/GLP-1 receptor that is also present at the early four–cell embryo (though no 
other Notch is reported in the literature at this stage), that it may somehow function 
independently of Notch/GLP-1, or that something was wrong with the original data. 
Due to the unexpected results from spd-1(ts);glp-1(ts), I refilmed spd-1(ts);apx-1(ts) 
to certify the ABp failure was still consistent. However, I was unable to replicate the 100% 
failure pattern for ABp following spd-1(ts);apx-1(ts) co-inactivation found by another lab 
member. Instead, my results recapitulated similar data to the spd-1(ts) phenotype alone with 
regular 100% failure in ABa, 32% failure in ABp, 21% failure in EMS and no failure for P2.  















Embryonic lineage map showing the identity and division patterning that occurs during the 
early blastomere divisions in C. elegans embryos.  Founder cells AB, E, MS, C, D, and P4 are 













Figure 26: Embryonic lineage 
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EMS, like ABp, is also in direct contact with P2 suggesting the signal from the MOM-
2 ligand of P2 to the Frizzled/MOM-5 receptor of EMS may be responsible for the low failure 
rate of this cell. spd-1(ts);mom-2(RNAi) mutants resulted in increased failure of the EMS 
daughter cell, with 52% unable to complete cytokinesis while the failure of the remaining 
blastomeres was unchanged (Table 1). spd-1(ts);mom-2(ts) mutants also showed increased 
failure of the EMS daughter cell, with 70% unable to complete division. In addition, an 
increased failure in ABp, that was not observed with RNAi depletion, was found in the double 
knockdown with over 1.5-fold increase (Table 1). As previously shown, only the P2 cell 
successfully divided each time. Because spd-1(ts);mom-2(ts) was shown to enhance EMS 
failure we hypothesized other components in the Wnt pathway may also play a reinforcing 
role in these cytokinetic events.   
I tested if the known downstream targets of Wnt-mediated cell-fate specification 
contribute to the robustness of cytokinesis.  To this end, I generated spd-1(ts);wrm-1(ts) 
double mutants.  As it functions more downstream, if the spd-1(ts);wrm-1(ts)  double mutant 
also shows more failure of EMS, it would suggest it plays an important role earlier in 
division. However, if EMS division failure remains unchanged it suggests only Wnt/MOM-2 












































Observed cytokinesis failure percentages for indicated strains. Same color coding in strains 






Table 1: Reported percentage cytokinesis failures corresponding to 
respective blastomeres in each condition. 
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In spd-1(ts);wrm-1(ts) we observed 60 % of EMS blastomeres fail to divide. Here we 
also began to notice more failure in the spd-1(ts) alone.  In spd-1(ts);wrm-1(RNAi), this issue 
became especially apparent with EMS cells failing 59% while  spd-1(ts) EMS cells failed 
even more at 79%. Additionally, ABp failure increased to 59% in spd-1(ts);wrm-1(RNAi) 
compared to spd-1(ts) where it failed at its regular 20%. This increase of background EMS 
failure complicates the interpretation within this line of double mutants and brings to doubt 
any results gathered with the spd-(ts) used as the sensitized background.   
 
spd-1(ts) mutant embryos exhibit inconsistent cytokinesis failure phenotypes 
The increase in failure observed for ABp and EMS in spd-1(ts) were a cause for 
concern given that the enhancement of the double mutant is taken in context with the failure 
pattern in the single mutant, previously presumed to be stable and show reproducible 
cytokinesis success/failure rates for ABa, ABp, EMS, and P2. I therefore revisited all my 
previous data for this strain and found that on different days there were varying failures for 
the ABp and EMS cell types. To address this concern, we isolated 6 individual 
hermaphrodites and filmed their progeny.  We observed inconsistent failure patterns in the 
different isolates (Figure 27). This suggests our spd-1(ts) may have some background 
mutation(s) interfering with cytokinesis and/or cell fate specification. However, the mutant 
was outcrossed 6x prior to imaging, so any mutation would likely be tightly linked, and thus I 
have dropped this project for the time being. In the future, I would like to test if spd-1(RNAi) 
or CRISPR spd-1(ts) has a differential effect on cytokinesis in individual cells within the 4-to-
8 cell embryo to bypass this concern.  
 
 




Figure 27: spd-1(ts) isolates exhibit variability in cytokinesis failure phenotypes 
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Discussion 
We found loss of NOTCH/GLP-1 and Delta/APX-1 in our spd-1(ts) background likely 
had no impact on the low failure rate of the ABp blastomere, suggesting the variation in cell 
division success is not due to P2 polarizing the cell using these signals. Unfortunately, my 
results here suggest that little can actually even be drawn from the data because of the isolate-
specific variability in failure of the other cell types in the spd-1(ts) alone. 
 
What about ABa makes it more likely to fail to divide and P2 more likely to complete 
cytokinesis?  
Importantly, while patterns for EMS and ABp in spd-1(ts) are unpredictable, the 
extreme values (~100% failure for ABa and 0% failure for P2) remain consistent.  It is to 
these that I would like to focus my attention, in particular to study what about P2 makes it so 
robust at cell division? With ABa and P2 there are differences in cell fate, cell size and even 
polarity. P2 is a germ line cell; it’s the smallest cell in the embryo and prior to division is able 
to establish anterior and posterior polarity domains.  
In contrast, what about the ABa cell makes it so sensitive to cell division? A crucial 
experiment would be to rescue ABa failure, where we consistently see ~100% failure in the 
spd-1 background. One way to do this may be to remove the egg shell and experimentally 
move a P2 cell to contact the ABa cell verses the ABp cell and monitor the success or failure 
of cytokinesis. Assuming the manipulation is done successfully the switch should result in the 
ABa cell completing cytokinesis at its new contact with P2 while the ABp cell should fail to 
divide. Alternatively, an additional P2 cell from another embryo can be positioned by the ABa 
cell that still has its original contacts to see if here both ABa and ABp show lower cytokinesis 
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failure. This could help determine if perhaps it is signaling from P2 or something about the 
cell-cell junction that could be the protective force. Another point to consider regarding 
neighboring cells is how compression may factor into robustness of cytokinesis. For example, 
the ABp cell divides in between other cells, so perhaps squeezing or pressure from those cells 
effect the outcome of cytokinesis completion.  
Investigation of these unequal division failures, depending on cell fate, may alter the 
current simple understanding that all cell division engages similar mechanisms. Ultimately, 
this research will inform personalized approaches to treating proliferative disorders, such as 






































Plasmid names, targeted genes for RNAi experiments, oligos used to generate RNAi feeding 
construct and DNA template used or Ahringer library (Kamath and Ahringer, 2003; Kamath 





Table S 6: Strain names and genotype 
Table S 7: RNAi feeding constructs 
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Materials and Methods 
Strain maintenance   
Caenorhabditis elegans were kept on standard NGM plates seeded with OP50 E. coli 
bacteria, as described (Brenner, 1974).  
 
Temperature control 
All control and temperature-sensitive (ts) strains were raised in an incubator 
(Crittenden et al.) kept at permissive temperature (16 ± 0.5ºC) and all fast-acting ts strains 
were also dissected in cooled (~16ºC) M9 buffer (Brenner, 1974) until just before the 2-cell 
division.  
Live-cell imaging was performed in a thermally-controlled room. Room temperature 
was monitored with two thermometers attached directly to the objective, and another 
thermometer attached to the stage via a glue gun to monitor the temperature of the specimen 
during filming.  Wherever mentioned throughout this article, experimental temperatures were 
calculated by averaging the values from the two thermometers attached to the objective and 
were as follows: restrictive (26.0 ± 0.5ºC).  
 
Live-cell imaging 
Single-cell embryos were mounted on a 2% agar pad as described previously (Gonczy 
et al., 1999; Jordan et al., 2016).  Imaging was performed on a Nikon Ti inverted microscope 
with 40x 1.3 N.A. and 60x 1.4 N.A. oil-immersion PlanApochromat objectives using a 
Yokagawa CSU-10 spinning disc confocal equipped with Borealis (Spectral Applied 
Research) and a Hamamatsu Orca ER camera.  Z-sectioning was done with a Piezo-driven 
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motorized stage (Applied Scientific Instrumentation) and focus was maintained using Perfect 
Focus (Nikon) prior to each Z-series acquisition.  Solid-state 150 mW lasers were used for 
excitation at 488 and 561 nm for eGFP and mCherry respectively (Spectral Applied 
Research), and a filter-wheel was used for emission wavelength selection (Sutter 




Metamorph (Molecular Devices) and FIJI (ImageJ) software were used for all data 




All primers and DNA template used for RNAi experiments are listed in Table S5-6. 
The empty L4440 vector in HT115 cells was used as a control. RNAi feeding bacteria were 
inoculated in Luria Broth with 100 µg/mL ampicillin for either 7 hours at 37ºC or 16 hours at 
32ºC.  300 µL of this culture was plated on RNAi plates (NGM agar plates (Brenner, 1974) 
supplemented with 50 µg/mL ampicillin and 1 mM IPTG).  After drying, the plates were 
grown at 32ºC for 24-48 hours.  L1 worms were transferred onto RNAi plates and then grown 
at 16ºC until young adulthood when they were dissected to obtain the embryos.  RNAi 
knockdown for mom-2 and wrm-1 was confirmed by embryonic lethality.  
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I, thanks to the mentorship and discussions with Julie Canman, Shawn Jordan and Tim 
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Discussion 
Orchestrating successful cell division involves the coordination of intricate and 
complex processes. Through my doctoral investigations, I probed the interactions and nuances 
at play during cell division. In Chapter 2, I contributed to work that found polarity proteins 
contribute to cytokinesis fidelity. In Chapter 3, I clarified and expanded on key genetic 
interactions that were contested in the literature. In Chapter 4, I began investigations into the 
differential regulation of cytokinesis in different cells. Here, I will discuss more in depth what 
I have learned through my graduate work and present potential future avenues of study that 
could be pursued.  
 
CYK-4 GAP activity inhibits Rac to promote cytokinesis completion: understanding the 
GTPase milieu 
In Chapter 3, I showed that CYK-4 specifically inhibits Rac activity as loss of Rac is 
able to suppress cyk-4(ts) cytokinesis failure, and also showed that Rac does not act as a 
global suppressor of cytokinesis. Additionally, I demonstrated that CYK-4 is unlikely to 
activate ECT-2 as there was no reduction in levels of downstream Rho effectors in cyk-4(ts) 
mutants. Furthermore, the ability to suppress cytokinesis failure due to loss of Rac appeared 
to be dependent on CDC-42 activity, though we later found even over-activating CDC-42 
using a chin-1(RNAi), also did not suppress cell division failure in cyk-4(ts);Rac(G60R) 
mutants.  
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 GTPases do not function in isolation but involve a lot of crosstalk with other 
GTPases, activators (GEFs), and inhibitors (GAPs). However, many of the biochemical 
approaches to study the specificity of CYK-4 and its GAP domain have not taken this into 
consideration when performing GTPase assays. While my paper attempts a genetic approach 
to settle the CYK-4 – Rac debate, a biochemical tactic is essential to answer the many 
remaining questions. Previous studies looked at CYK-4 and each GTPase alone but that is not 
enough to get a clear idea of how these proteins function. Conducting a GTP hydrolysis assay 
in which Rac, Cdc42, Rho, CYK-4, ZEN-4, and ECT-2 are screened against a panel of GAP 
domain proteins alone and also in duplicate, triplicate, etc. would help address the issue. This 
would illuminate how certain complexes affect GTPase regulation, if there is competition 
among certain GTPases that affects their function, and if certain proteins have more 
specificity for other proteins and how that is maintained/altered in the presence of different 
regulators.  
Visually distinguishing between linear f-actin and branched f-actin 
Our model, that CYK-4 specifically inhibits Rac activity, predicts that loss of CYK-4 
should result in increased branched f-actin since Rac would no longer be inhibited (Figure 
15D). Unfortunately, there is currently no probe that could distinguish between linear and 
branched f-actin. Even so, we do observe ARP2/3-dependent puncta of actin with our 
Utrophin::GFP strain. Either we could code a program or perform careful analysis by eye to 
determine if the number of puncta varies with loss or gain of Rac with or without CYK-4. In 
the literature, platinum replica EM has been shown to distinguish between branched and 
linear f-actin so perhaps this is another road worth pursuing (Korobova and Svitkina, 2010). I 
would expect that in the cyk-4(ts) condition there would be more branched f-actin than in the 
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control cells as Rac would be free to recruit the arp2/3 complex. When Rac is also inactivated 
in cyk-4(ts);Rac(G60R) mutant embryos, this ectopic branched f-actin would be lost.  
For this model to be correct, the increase in f-actin likely acts to inhibit cytokinesis by 
two non-exclusive mechanisms, 1) by forming local actin structures that are refractory to 
cytokinesis, and 2) by competing for G-actin subunits which would reduce formation of 
productive linear f-actin filaments, especially at the contractile ring. To further test this 
model, it will be interested to look at Rac overexpression with and without CYK-4. I would 
expect that even with CYK-4, if Rac is overexpressed we may begin to see cytokinesis failure 
as the increase in Rac is available to drive ARP2/3 activation and formation of branched f-
actin, which our model predicts inhibits cytokinesis.  
Does CYK-4 have additional targets?  
In addition to targeting Rac, previous work has suggested that CYK-4 may also act as 
GAP on other GTPases, including CDC-42 (Bastos et al., 2012; Jantsch-Plunger et al., 2000; 
Toure et al., 1998). However, in Chapter 3, I show that both knockdown and over-activation 
of CDC-42 resulted in enhanced cytokinesis failure of cyk-4(ts);Rac(G60R) double mutants. 
This suggests that any role of CYK-4 inactivated CDC-42 is too complex to be understood in 
this system with current available tools. 
Since loss of ANI-1, Rac, and CDC-42 did not restore the rate of ingression in CYK-4 
mutants the search for the other target(s) continues.  SPD-1 mutants result in a chromosomes 
“flying” apart phenotype where chromosome separation is accelerated due to having no 
central spindle and thereby weaker resistance against pulling forces (Verbrugghe and White, 
2007). Given this and previous studies that have shown PRC1/SPD-1 binds to CYK-4, I 
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wonder if cyk-4(ts);spd-1(RNAi) or cyk-4(ts);spd-1(RNAi);Rac(G60R), could possibly rescue 
the rate of ingression at least in the one-cell embryo where SPD-1 is not required for 
cytokinesis completion. If so, it would suggest that CYK-4 functions somewhat independently 
of the central spindle. 
 
Does loss of Rac free up more Ect-2 to act on Rho?  
In work shown above and in Zhuravlev et al, we found a statistically insignificant 
rescue of cytokinesis failure in ect-2(lof);Rac(G60R). Since Ect2 is able to act on all 3 
GTPases (Rho, Rac, and Cdc42) perhaps loss of Rac frees up any remaining Ect2, thereby 
accounting for the slight rescue we see in Figure 18. To test this, we could look at the 
intensity of GFP::UtrophinABD and GFP::myosin-IINMY-2 at the ring, as was done for CYK-4, 
either using double mutants or the Ect2 mutant with Rac(RNAi). If loss of Rac does result in 
more Ect2 able to act on Rho then I would predict to see higher intensity levels of 
GFP::UtrophinABD and GFP::myosin-IINMY-2in ect-2(lof);Rac(RNAi) after 12 hours at the 
restrictive temperature compared to an ect-2(lof) strain. To do this experiment I would first 
have to make sure that the intensity levels in the mutant strain are comparable to control 
marked strains left at the permissive temperature.  
Cell fate-dependent protection against cytokinesis failure  
Using other temperature sensitive mutants to explore differences in cytokinesis completion in 
later cell divisions. 
 At the end of Chapter 2 and in Chapter 4, I explore how different blastomeres vary in 
their cytokinesis outcomes and cytokinetic protein requirements.  Although I found that using 
SPD-1 exhibited too much inconsistency to use as a sensitized background we could remake 
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the strain using CRISPR to get rid of the background mutation that was likely the cause of the 
variability. In accompaniment, we have other temperature sensitive mutants in the lab that 
also exhibit differential failure patterns that could be used to probe whether Notch and Wnt 
may be playing a protective role. Based on the upshifts in Chapter 2, the formin(ts) mutant 
background may be promising to pursue given the increased cytokinesis completion of the 
EMS blastomere versus AB progeny at the same temperature. The formin(ts) mutant has a 
point mutation in the FH2 domain, which prevents processive actin polymerization (Davies et 
al., 2014).  Could depletion of Wnt and/or Frizzled in formin(ts) mutant embryos result in 
increased EMS failure? One easy method to test if EMS is being protected via signaling from 
the P2 cell is to remove the eggshell and isolate the blastomeres. In this context does EMS 
still complete cytokinesis in the same frequency as EMS in the intact embryo? If not, it 
suggests that in the EMS cell integrity of cytokinesis is maintained via extrinsic signaling, 
possibly through the Wnt/Frizzled pathway, which depends on cell-cell contact.  
 
Why is the P2 blastomere so protected against cytokinesis failure? 
It is of particular interest how robust the P2 cell appears, having consistently shown no 
failure in all of the spd-1(ts) mutants and also less failure in formin-1(ts) embryos. Why is P2 
more resilient against cytokinesis perturbation? Because the P2 cell gives rise to the germline 
it may be under more selective pressure to adopt additional protective mechanisms to guard 
against cytokinesis failure. In such a case, germline specific factors such as P granules or 
CAR-1, may promote fidelity of cytokinesis. P2 is also the transmitter of two signals that 
break symmetry, the Delta/apx-1 ligand and the Frizzled/mom-5 receptor. A-P polarity may 
also somehow contribute to cytokinetic robustness given that both EMS and P2 divide 
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asymmetrically unlike ABa and ABp. Unfortunately, studying the effect of polarity on 
cytokinesis in a multicellular context is fraught with difficulty as no fast acting temperature 
sensitive polarity mutants are available, and using RNAi would globally disrupt the polarity 
and asymmetric cell division, voiding cell identities.  
 
Conclusions 
“Be fruitful and multiply,” is apt to describe cytokinesis. Utilizing varied and often 
redundant mechanisms, cells have stacked the odds in their favor to ensure the completion of 
their division. Through crosstalk, functional redundancies, and overall complexity the 
integrity of this process is maintained. Through my PhD, I have contributed to research where 
polarity impacts cytokinesis outcomes, explored novel cytokinetic mechanisms such as cell 
fate, and added support for the argument that CYK-4 directly inhibits Rac activity.  It is an 
exciting time in science for cytokinesis, as improved imaging and technology can answer 
long-standing questions in the field and application of this research for clinical therapies is 
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